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RNA interference (RNAi) is an important mechanism regulating gene expression. In plants, RNAi 
is  triggered  by double-stranded RNA (dsRNA) which  is  processed  into  small  RNAs (sRNAs), 
usually 21-24 nt long. The sRNAs are loaded into Argonaut (AGO) protein and recognize the target 
based  on  sequence  complementarity.  When  the  target  is  mRNA,  they  can  slice  it  or  block 
translation leading to posttranscriptional gene silencing (PTGS). When the target is DNA, they can 
induce DNA methylation and chromatin changes, which when present in the promoter can lead to 
transcriptional gene silencing (TGS). The individual components of RNAi are well  described, but 
less is known about the impact of different types of dsRNA precursors on the dynamics of RNAi.
To study these aspects of RNAi, we used tobacco BY-2 cell  line expressing GFP reporter  and 
inducible  silencers.  The  silencers  used different  ways  of  triggering  the  dsRNA  formation  by 
transcripts from antisense (AS), unterminated sense (UT) and inverted repeat (IR) GFP sequence to 
initiate PTGS. Additionally, one IR silencer based on the CaMV 35S promoter initiated TGS. This 
allowed us to study RNAi from the beginning throughout the steady state level and till the recovery 
phase, all in the highly homogeneous system.
Using  this  system,  we  described  several  features  of  silencing  with  also  some  unexpected 
observations. First of all, we show that in some cases the silencing can be initiated by transgenes 
without  any  promoters,  just  by  read-through  transcription  from outside  the  T-DNA.  Then,  we 
provide  a  detailed  description  on  the  dynamics  of  PTGS triggered  by the  three  silencers  with 
different  mechanisms  of  forming  dsRNA.  We  show  that  the  dynamics  and  the  effects  of  the 
silencing differ between these silencers.  The spectrum of produced sRNAs also differs between 
silencers, but not enough to explain all the differences in silencing. Our results call into question the 
mechanism of silencing triggered by aberrant RNAs (UT silencer): the nature of these transcripts 
and  the  conditions  under  which  they  are  converted  to  the  dsRNA.  We observed that  de  novo 
methylation triggered by sRNAs can differ between two loci with the same sequence, likely as a 
result of different transcription history of these loci. We also describe the initiation of TGS in detail. 
We show that DNA methylation and the resulting TGS can be quite fast and during this TGS, we 
observed different dynamics of methylation for the particular cytosine contexts. Our results provide 
a comprehensive description of the dynamics of silencing in plants and raise new questions about 
several aspects of plant RNAi.
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Abstrakt
RNA interference (RNAi) je důležitým mechanismem regulace genové exprese u rostlin. RNAi u 
rostlin  je  spouštěna přítomností  dvouvláknové RNA (dsRNA),  která  je  následně zpracována na 
malé RNA (sRNA) o délce 21-24 nt. Malé RNA po navázání na protein Argonaut (AGO) jsou 
schopné rozeznat cílovou molekulu na základě sekvenční komplementarity. Pokud je cílem mRNA, 
může  ji  AGO rozštěpit,  nebo může  blokovat  translaci,  což  vede  k  posttranskripčnímu  umlčení 
(PTGS). Pokud je cílem DNA, tak může navodit její metylaci, což vede k transkripčnímu umlčení 
(TGS),  pokud dojde k metylaci  v  promotoru.  Jednotlivé  komponenty RNAi jsou celkem dobře 
popsány, ale méně je známo o vlivu odlišných typů dsRNA prekursorů na dynamiku RNAi.
Ke studiu těchto aspektů RNAi jsme využili tabákovou buněčnou linii BY-2 s reportérovým genem 
pro  GFP  cíleným  silencery  s  inducibilní  expresí.  Fungování  silencerů  bylo  založeno  na  třech 
základních způsobech tvorby dsRNA: transkripcí antisense GFP (AS), GFP bez terminátoru (UT) a 
GFP v invertované repetici (IR). Tyto tři silencery spouštěly PTGS, čtvrtý silencer byla IR cílící na 
CaMV 35S promotor a spouštějící TGS. To nám umožnilo studovat RNAi od její iniciace, přes plné 
umlčení až po obnovení exprese při vysazení induktoru – vše relativně snadno analyzovatelné díky 
vysoce homogennímu systému.
S  použitím  tohoto  systému  jsme  detailně  popsali  průběh  umlčování  s  některými  jeho 
neočekávanými  vlastnostmi.  Nejprve  jsme  ukázali,  že  je  možné  za  určitých  okolností  spustit 
umlčování i z transgenu bez promotorů, jen díky pročítání transkriptů z vnějšku T-DNA. Dále jsme 
detailně  zmapovali  dynamiku  PTGS  spouštěného  třemi  různými  silencery  s  různými  způsoby 
formování dsRNA. Dynamika a důsledky umlčování se mezi všemi silencery lišily. Rozdíly byly i v 
množství a spektru produkovaných sRNA, ale tyto rozdíly nebyly dostačující k vysvětlení všech 
rozdílů  v  průběhu  umlčování.  Z  našich  výsledků  také  vyvstávají  otázky  ohledně  umlčování 
spouštěného  aberantními  RNA  (UT silencer)  –  jaká  je  povaha  těchto  transkriptů  a  za  jakých 
podmínek  z  nich  dsRNA vznikají?  Pozorovali  jsme rozdílnou  citlivost  dvou lokusů se  stejnou 
sekvencí k de novo metylaci pomocí sRNA, pravděpodobně v důsledku odlišné historie transkripce 
na těchto lokusech. V neposlední řadě jsme také detailně popsali počáteční fáze TGS. Toto TGS a 
metylace s ním spojená byly indukovány velmi rychle, dynamika metylace se ale s ohledem na 
kontexty jednotlivých cytosinů lišila. Námi získaná data přináší velmi detailní pohled na dynamiku 






GFP Green fluorescent protein
miRNA micro RNA
NAT natural antisense transcript
Pol DNA-dependent RNA polymerase
PTGS posttranscriptional gene silencing
RdDM RNA-directed DNA methylation
RDR RNA-dependent RNA polymerase
RNAi RNA interference
siRNA small interfering RNA
sRNA small RNA
TGS transcriptional gene silencing
Introduction
Genes are essential building blocks of living organisms. For genes to function meaningfully, it is 
crucial that their activity is properly regulated. Gene activity in eukaryotic cell can be controlled at 
many levels,  beginning with transcriptional  regulation  (i.e.  whether  the transcription  alone gets 
initiated)  and continuing  through  all  the  steps  to  the  final  protein,  which  itself  can  be  further 
modified or degraded.
One of the mechanisms that is able to regulate gene expression is RNA interference (RNAi). The 
key element of RNAi are small RNAs (sRNAs) along with their effector Argonaut (AGO) proteins 
(Fig. 1). These sRNAs allow RNAi to define its target based 
on sequence complementarity, making the RNAi pathway a 
versatile  mechanism  that  can  regulate  various  processes 
where the target is nucleic acid. Indeed the RNAi pathway 
has  been  described  in  regulating  processes  such  as  gene 
expression, modifying chromatin,  directing defense against 
viruses and transposons and DNA damage repair to name a 
few (Borges & Martienssen 2015). The most prominent and 
studied functions of RNAi are regulation of gene expression 
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and defense against invading nucleic acids (viruses, transposons and transgenes). 
In plants the RNAi pathway is quite diverse. It has all the key enzymes of eukaryotic RNAi, but it 
also possesses several features that developed specifically in plants and which are mostly involved 
in regulation of chromatin (Lee & Carroll 2018). Plants are also important as model organisms to 
study RNAi, they were essential to the discovery of RNAi (Matzke & Matzke 2004) and to this date 
they are still leading the way of RNAi research.
Small RNA biogenesis
In plants sRNAs are generated from double-stranded RNA (dsRNA) precursors. The dsRNA as a 
trigger  for RNAi is common to all  eukaryotes with only few exceptions,  where sRNAs can be 
produced from single-stranded RNA (ssRNA) precursor, however, it seems that such pathway does 
not exist in plants (Law & Jacobsen 2010).
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Fig. 2: Schematic representation of various pathways of sRNA biogenesis in plants. The most common gene paralogs  
for given pathway are indicated. A) Production nat-siRNA, the complementary transcript  can be also produced in  
trans;  B)  siRNA derived  from  long  inverted  repeats;  C)  miRNA  pathway;  D)  phasi/ta-siRNA  pathway  –  usually  
triggered by 22nt miRNA/siRNA, generally all secondary siRNA are produced in similar fashion; E) RNAi triggered by  































There  are  many  ways  the  dsRNA precursor  can  be  formed.  Generally  the  primary  ssRNA is 
produced by DNA-dependent RNA polymerase (usually Pol II or plant specific Pol IV) or it can be 
of foreign origin (e.g. viral RNA). This RNA then has to form dsRNA, which can happen through 
intramolecular  paring  (by  forming  hairpins  if  inverted  repeat  sequences  are  present  within  the 
molecule), intermolecular pairing (by pairing of  two complementary transcripts) or by activity of 
RNA-dependent  RNA polymerase (which can synthesize the second strand to a single-stranded 
RNA). The precursor, its biogenesis and processing is fundamental for sRNAs classification (Fig.
2). Although only few sRNAs classes are defined precisely, while many others have more loose 
definitions probably given the multiple redundancies in the many pathways of their biogenesis.
Precursors for small RNAs
Probably the most straightforward way of producing dsRNA is transcription of inverted repeats. 
These when transcribed can fold back on itself to create a hairpin structure. There are several long 
inverted repeats in the  Arabidopsis genome producing heterogeneous groups of small interfering 
RNA (siRNA; Zhang et al. 2007; Polydore & Axtell 2018). Much more abundant, however, are 
shorter repeats which give rise to so called micro RNAs (miRNA). miRNAs make a well-defined 
class of sRNAs. Their precursors (pre-miRNA) have specific secondary structure based on a stem-
loop with imperfect pairing (Axtell  & Meyers 2018). They are transcribed by Pol II from MIR 
genes and one specific miRNA can be produced from several distinct genes (these are so called 
miRNA families).  Many miRNAs are conserved throughout  land plants and they are important 
posttranscriptional  regulators  of  gene  expression  (Axtell  &  Meyers  2018).  Given  the  specific 
features  of  miRNA  pathway,  sRNAs  are  often  divided  into  two  groups:  miRNA  and  siRNA, 
however,  these two categories are not equal  and the siRNA group is heterogeneous and contains 
various sRNAs categories.
The alternative possibility to intramolecular pairing is intermolecular pairing. Many genes (either 
coding or non-coding) do have antisense transcripts  (natural antisense transcripts – NATs), which 
are  produced either  in  cis or  in  trans (more  than  20% of  Arabidopsis genes).  Such two RNA 
molecules have the possibility to base pair and generate dsRNA. However, only few NATs seem to 
be capable  of producing nat-siRNAs,  the rest  of  them have other  functions  unrelated  to  RNAi 
serving often as scaffold RNAs (Zhang et al. 2012; Yuan et al. 2015; Wierzbicki et al. 2021). Most 
of the known nat-siRNAs are involved in gene regulation in response to stress (Zhang et al. 2012).
The third way which can lead to dsRNA formation is to synthesize the second strand based on the 
single-stranded RNA. Plant genomes code for several RNA-dependent RNA polymerases (RDR). 
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Of the three eukaryotic RDR clades, two are known in plants. While the function of RDRγ in plants 
remains  unknown,  the  RDRα polymerases  are  an  essential  component  of  plant  RNAi  (Lee  & 
Carroll 2018). In fact most plant sRNAs are dependent on the activity of RDRs (Polydore & Axtell  
2018).  In  Arabidopsis there  are  three  such  polymerases:  RDR1,  RDR2  and  RDR6.  RDR1  is 
important  in antiviral  defense (Diaz-Pendon et  al.  2007),  RDR2 in transcriptional  silencing and 
DNA methylation (Kasschau et al.  2007; Stroud et  al.  2013; Mishra et al.  2021) and RDR6 in 
generating secondary siRNAs and posttranscriptional gene silencing (Yoshikawa et al. 2005; Zheng 
et al. 2010). While these RDRs are redundant when it comes to antiviral defense, for most other 
pathways they are quite specific (Kasschau et al. 2007). It is important that the RDRs target RNAs 
very specifically, otherwise many important genes could be accidentally silenced. There are several 
mechanisms that can target RDRs to specific RNAs.
RNAs can be produced specifically to become RDR substrate. Plants have evolved DNA-dependent 
RNA polymerase IV (Pol IV) whose transcripts are directly channeled to RDR2 to produce dsRNA 
precursors  (Mishra  et  al.  2021).  Along  with  Pol  V  (described  later),  Pol  IV  is  plant  specific 
polymerase which evolved from Pol II to be involved in RNA-directed DNA methylation (RdDM). 
Pol  IV  is  targeted  to  chromatin  with  specific  features  (like  H3K9me2 modification),  where  it 
produces short transcripts, each of them being a precursor for single hc-siRNA (heterochromatic-
siRNAs or p4-siRNA; Law et al. 2013; Zhai et al. 2015; Zhou et al. 2018). As these siRNAs are key 
players in transposon silencing, they make up most sRNAs present in plant cells (Mosher et al.  
2008).
Besides Pol IV transcripts, Pol II transcripts can also serve as RDR substrate. Pol II transcripts are 
mostly  recognized  by  RDR6,  however,  the  route  to  dsRNA  is  not  as  direct  as  with  Pol  IV 
transcripts. This phenomenon is best studied on transgenes, where RDR6 dependent RNAi is the 
major  obstacle  to  stable  transgene  expression  in  plants.  The  current  paradigm  is  that  RDR6 
substrate are aberrant transcripts that escape conventional RNA degradation pathways. Transgenes 
are often source of aberrant RNAs because of common flaws in the construct design, the major 
factor in this is inappropriate use of promoters and terminators, but other factors can also contribute, 
like the absence of splicing or suboptimal codon usage (Luo & Chen 2007; Christie et al. 2011; 
Sidorenko  et  al.  2017;  Felippes  et  al.  2020).  In  this  model  the  use  of  stronger  promoter  in 
combination with not so efficient terminator will lead to production of RNAs lacking the 3’ poly-A 
tail and in some cases also read-through uncapped transcripts overlapping downstream genes. These 
transcripts, when produced in large enough quantities so they are not quickly enough removed by 
exonucleases, are recognized by RDR6 and enter the RNAi pathway (Herr et al. 2006; Luo & Chen 
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2007; Moreno et al. 2013; Parent et al. 2015b; Krzyszton et al. 2018). The important role of RNA 
degradation pathways can be seen in various mutants in these pathways, where many native genes 
become silenced resulting in severe phenotypes that can be mostly rescued by mutation in  rdr6 
(Martínez de Alba et al. 2015). RDR6 is also directly inhibited by the presence of a poly-A tail 
(Baeg et al. 2017). Although this phenomenon is mostly studied on transgenes it has been recently 
suggested  that  suboptimal  codon  usage  in  transposable  elements  can  lead  to  aberrant  RNAs 
production  and  thus  subject  transposon  transcripts  to  RNAi  (Kim  et  al.  2021).  Therefore 
recognizing aberrant RNAs by RNAi may be a general mechanism how plants can protect itself 
from invasive genic elements.
Besides direct production of aberrant RNAs by Pol II, it is also possible to generate aberrant RNAs 
posttranscriptionally by sRNA directed cleavage of mRNA. The sRNA-targeting can thus lead to 
production  of  secondary  siRNAs.  These  secondary  siRNAs  are  generated  from  the  5’  and  3’ 
cleavage fragments that lack the mRNA cap and poly-A tail, respectively, and that can be converted 
to dsRNA by RDR6. However, not all sRNA targets produce secondary siRNAs and those that do 
differ  in the quantity and quality of resulting secondary siRNAs (Zhang et al. 2015). It has been 
shown that the production of secondary siRNAs can be programmed by the primary sRNA – in case 
of miRNA by the structure of their precursor and/or length (22 nt) and in case of siRNA by their 
length (22 nt) and/or biogenesis (Mlotshwa et al. 2008; Manavella et al. 2012). The production of 
secondary siRNAs has many important implications for the function of RNAi in plants – it allows 
for  the  amplification  of  silencing  signal  (with  positive  feedback  loop)  and  also  to  spread  the 
production of siRNAs along the target transcript in process called transitivity, which can result in 
targeting  cascade  of  new genes  just  by  homology  with  the  primary  target. In  some cases  this 
amplification step seems to be essential for efficient silencing, as it appears that the nat-siRNA and 
probably even the antisense RNA technology are both dependent on the activity of RDRs (Parent et  
al. 2015b; Yuan et al. 2015; Polydore & Axtell 2018).
Processing of small RNAs
After the dsRNA is generated as described above, it can be processed into sRNAs. This is done by 
RNase  III  enzyme Dicer,  in  plants  called  Dicer-like  (DCL).  For  sRNA processing,  three  DCL 
domains are the most important: two RNase III domains and a PAZ domain. The RNase III domains 
cleave the dsRNA in a way so they leave 2 nt 3’ overhang. The PAZ domain recognizes this 2 nt 3’ 
overhang and positions the DCL so it can make a cut in a distance which is equal to the distance 
between the RNase III domains and PAZ domain for a given DCL enzyme. This releases dsRNA 
(sRNA duplex) of specific length with 2 nt 3’ overhang at both ends. One of the strands from this 
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duplex will later become the functional single-stranded sRNA (described below). The DCL proteins 
are assisted by DRB (double-stranded RNA-binding) proteins in this process. There are usually four 
DCLs genes in dicot plants and five in monocot plants, each with preference for different dsRNA 
substrate and producing sRNAs of specific length (Hiraguri et al. 2005; MacRae et al. 2006; Margis 
et al. 2006).
DCL1 generates 21 nt long sRNAs and it is primarily responsible for miRNA processing where it 
shows little or no redundancy with other DCLs. Beside miRNAs it can also contribute to processing 
of other sRNAs like nat-siRNAs (Ronemus et al. 2006; Yuan et al. 2015). DCL2 generates usually 
22 nt long sRNAs which are processed from various long dsRNA precursors.  These 22 nt long 
sRNAs  have  the  ability  to  induce  production  of  secondary  siRNAs.  However,  since  DCL2 is 
subordinate  to  DCL4,  this  ability  is  usually  suppressed.  In  dcl4 mutant  the  DCL2  dependent 
secondary  siRNAs  will  begin  to  target  several  endogenous  genes  that  would  not  be  normally 
silenced (Mlotshwa et al. 2008; Parent et al. 2015a; Wu et al. 2017). DCL3 usually generates 24 nt 
long  sRNAs,  most  of  which  are  processed  from the  dsRNAs  produced  by  the  Pol  IV-RDR2 
pathway and are involved in the process of RdDM. It can also contribute to the processing of other 
dsRNA substrates, but usually only in subordinate role to DCL4 and DCL2. The short  Pol IV-
RDR2 precursors can by also processed by other DCLs into 21-22 nt sRNAs and surprisingly also 
by DCL independent pathway using RNA exonucleases (Kasschau et al. 2007; Marí-Ordóñez et al. 
2013; Ye et al. 2016; Panda et al. 2020). DCL4 generates 21 nt long sRNAs from long dsRNA 
precursors and in takes a precedence in their processing over other DCL proteins. It also has the 
ability to produce sRNAs in phase – meaning that the sRNAs are produced almost exclusively in 
21 nt intervals from the start point of processing. These are called phasiRNA, some of which make 
ta-siRNA  (trans-acting  siRNA)  subgroup.  The  ta-siRNAs  are  produced  from  specialized  non-
coding RNAs and their processing requires previous slicing by other sRNA, usually miRNA. The 
phasiRNA are important in morphogenesis and gametogenesis where they also exist in 24 nt form 
processed by DCL3 or its paralogs in some species (Yoshikawa et al. 2005; Fei et al. 2013; Nagano 
et al. 2014; Parent et al. 2015a; Arribas-Hernández et al. 2016; Xia et al. 2019). When the final 
sRNA duplex is diced out of the precursor it  is  2’-O-methylated at  the 3’ ends by HEN1 as a 
protection against degradation (Li et al. 2005).
All  the  RNAi  components  discussed  so  far  localize  to  the  nucleus,  predominantly  to  the 
nucleolus-associated Cajal bodies. Only some of these proteins also have cytoplasmic localization 
(RDR6, DCL2, DCL4…). This is interesting because many of the substrate RNAs are present in 
cytoplasm. Thus the compartmentalization of RNAi processes still  needs many answers, but the 
13
same  spatial  localization  of  RNAi  components  is  likely  connected  with  the  high  redundancy 
especially among the DCL proteins (Hoffer et al. 2011; Pontes et al. 2013; Pumplin et al. 2016).
Roles of small RNAs in silencing
After the sRNA is produced by one of the pathways described above, it can then serve its purpose. 
But it cannot act alone. The second key component in the RNAi pathway along with the sRNA is  
protein Argonaut (AGO). The AGO protein  loads the sRNA to become  RNA Induced Silencing 
Complex (RISC) and this ribonucleoprotein is the effector of RNAi. Not all sRNAs can be loaded 
into all AGOs. The AGO selects its specific sRNA based on the length of the sRNA duplex, identity 
of the 5’ nucleotide and thermodynamic stability at the 5’ end (Mi et al. 2008; Takeda et al. 2008;  
Eamens et al. 2009; Havecker et al. 2010). Only one of the strands (guide strand) from the duplex is 
selected, while the other (passenger strand) is degraded – usually by the slicer activity of the AGO 
itself  (Arribas-Hernández et al.  2016). The loaded sRNA allows AGO to recognize target RNA 
based on sequence complementarity. The AGO itself usually has RNase H-like function and is able 
to slice the target RNA molecule or it can mediate targeting of other enzymes. Besides general 
protein-protein  interactions,  AGOs  also  bind  proteins  containing  an  AGO-hook  –  specific 
disordered domain with WG/GW motives (El-Shami et al. 2007; Karlowski et al. 2010).
AGO is an evolutionary old protein already present in prokaryotes where it is a part of RNA‐guided 
restriction systems. It adopted its function in RNAi already in the last eukaryotic common ancestor 
(along with other RNAi proteins like Dicer and RDR). In plants the AGO family is quite large, 
ranging from 10 genes in  Arabidopsis to 27 in  Brassica napus (Lee & Carroll 2018). Different 
AGOs load different (but sometimes overlapping) pools of sRNAs and they have specific functions 
in wide variety of processes. Their role in regulating gene expression can be separated into two 
levels: posttranscriptional and transcriptional gene silencing (PTGS and TGS, respectively).
Posttranscriptional gene silencing
As the  name  of  posttranscriptional  gene  silencing  (PTGS)  suggests,  this  process  acts  at  RNA 
transcripts  (usually  mature mRNA). It  is  mostly guided by 21-22 nt long sRNA (miRNA, nat-
siRNA, ta-siRNA…) that can be produced by DCL1, 2 and 4. AGO1 is the primary AGO involved 
in PTGS and it also loads most miRNAs. AGO1 prefers sRNAs with 5’ U. It is notable that AGO1 
was the first discovered AGO and the ago1 mutant phenotype of Arabidopsis thaliana give name to 
this protein family (Bohmert et al. 1998; Baumberger & Baulcombe 2005; Mi et al. 2008). AGO7 
and  AGO10  are  involved  in  some specific  miRNA  regulated  morphogenetic  processes 
(Montgomery et al. 2008; Zhu et al. 2011). AGO2 and 5 associate with several miRNA, antiviral 
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siRNAs and have some other less defined functions. They prefer 5’ A and C respectively. AGO2 
shows some redundancy with AGO1 (Takeda et al. 2008; Zhang et al. 2016).
As mentioned earlier, the AGO protein itself has slicer activity. This is sufficient for PTGS, the 
sliced  mRNA can  no longer  be  translated  and  the  slicing  products  are  subsequently  degraded 
(Baumberger & Baulcombe 2005). Although most genes regulated by PTGS are regulated in this 
way, the mRNAs targeted by AGO protein can also  have a different fate (Reis et al. 2015). At a 
subset of PTGS targets, the gene expression is regulated by blocking translation without slicing the 
mRNA. The AGO1 has been shown to associate with polysomes at endoplasmic reticulum. The 
exact mechanism deciding whether the target will be sliced or if the translation will be blocked is 
not known, but it is probably affected by the biogenesis and size of sRNAs. Several miRNAs (22 nt 
long and/or DRB2 dependent) and DCL2 dependent siRNA (22 nt long) have been shown to prefer 
translational inhibition which is involved mostly in regulating plant stress responses (Brodersen et 
al. 2008; Reis et al. 2015; Li et al. 2016; Wu et al. 2020).
Besides direct regulation of gene expression the PTGS can be also involved in secondary sRNAs 
production. As discussed before, the target RNA can become a substrate for the activity of RDR6 
and this process is dependent on the origin of the primary sRNA. However, the AGO plays quite an 
active role in this process. AGO1 has been shown to recruit SGS3 protein which protects the sliced 
transcript  from degradation  and  subsequently  interacts  with  RDR6.  This  allows  the  secondary 
siRNA production machinery to overcome the RNA degradation pathways that would otherwise 
remove the sliced RNAs. It also turns out that in some cases the slicing is not even required for the 
secondary siRNA production (Zhang et al. 2015; Arribas-Hernández et al. 2016; Yoshikawa et al. 
2016). This along with the similarities between sRNAs able to induce translational inhibition and 
secondary siRNA production (length of 22 nt) points to closer connection between translation and 
secondary siRNAs. Indeed, many substrates for secondary siRNA have been found to associate with 
polysomes,  including  supposedly  noncoding  precursors  for  ta-siRNAs  –  which  as  it  turns  out 
contain  short  open  reading  frames  (ORFs)  important  for  ta-siRNA production  (Li  et  al.  2016; 
Yoshikawa et al. 2016).
Transcriptional gene silencing
Besides targeting already produced transcripts, the AGO-sRNA complex can be also targeted to 
chromatin and block transcription. At chromatin they can induce repressive modifications and if 
such modifications occur in the regulatory region of a gene (typically a promoter), such gene can 
get  transcriptionally  silenced.  In  plants  the  primary  modification  induced  by  RNAi  is  DNA 
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methylation  (C5  methylation  of  cytosine)  in  a  process  called  RNA-directed  DNA methylation 
(RdDM; Fig. 3). This is usually guided by hc-siRNAs which are 24 nt long and produced by Pol 
IV-RDR2-DCL3 pathway. The DCL3-dependent  24 nt siRNA can be also produced from other 
types of precursors, for example when the preferred DCLs for their processing become saturated 
(Marí-Ordóñez et al. 2013). Although the 24 nt siRNAs are major effectors in RdDM, the 21-22 nt 
siRNAs can be also used in so called non-canonical RdDM (Pontier et al. 2012; Wu et al. 2012; 
McCue et al. 2015). AGO4 is the primary AGO involved in RdDM. It has three closely related 
AGO genes in Arabidopsis, AGO6 and 9 are also involved in RdDM, but they show organ specific 
expression, while AGO8 is considered to be pseudogene. All these AGOs prefer 24 nt siRNA with 
5’  A (Havecker  et  al.  2010).  Although  these  proteins  are  very  similar  they  show only  partial 
redundancy, probably because of their expression patterns. Surprisingly AGO4 loads a very similar 
poll of sRNAs as AGO3 – a close paralog to AGO2 involved in PTGS. Both these AGOs prefer 5’ 
A, but AGO2 binds 21 nt sRNAs, while AGO3 24 nt sRNAs (Havecker et al. 2010; Duan et al.  
2015; Zhang et al. 2016). Although it seems that AGO2 is also involved in methylating DNA at 
small subset of loci (Pontier et al. 2012).
In PTGS the sRNA recognition of single-stranded target RNA is direct. In TGS the recognition of 
target  DNA is  not  so  straightforward.  Plants  solved  this  by  specialized  DNA-dependent  RNA 
polymerase V (Pol V). This polymerase produces scaffold transcripts which can be easily targeted 
by sRNAs and in this way they can bring AGO to chromatin. Pol V is related to Pol IV (mentioned 
earlier) and both are derived evolutionary from Pol II. In non-plant organisms TGS is facilitated by 
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Fig. 3: RNA-directed DNA methylation (RdDM): Pol V is targeted to chromatin by DNA methylation and possibly also  
by other means. Access to chromatin is facilitated by chromatin remodeling complex  (DRD1, DMS3 and RDM1). Pol  
V scaffold transcript is recognized by AGO bound siRNA. The AGO also interacts with Pol V and its transcription  













Pol II, but for some reason, plants separated this pathway from Pol II and are able to produce both 
sRNAs and scaffold transcripts without Pol II (Luo & Hall 2007; Bhattacharjee et al. 2019). Still, 
all these polymerases are closely related and share many subunits, the main difference is in the 
largest and second largest subunits, designated NRPD1 (Pol IV), NRPE1 (Pol V) and NRPD/E2 
(the second largest subunit is shared by Pol IV and V in Arabidopsis). These subunits diverged from 
Pol II mainly in the catalytic center, and in the C-terminal domain (CTD) of the largest subunit. The 
CTD lacks the classical heptad repeats of Pol II and instead it has a DeCL domain of important but 
unknown function,  which  is  present  in  both  polymerases.  Pol  V CTD also  has  an  AGO-hook 
domain important in binding AGO with sRNA (El-Shami et al. 2007; Marasco et al. 2017; Wendte 
et  al.  2017;  Wendte  et  al.  2019a).  In  the  current  model  of  RdDM,  Pol  V  generates  scaffold 
transcripts  (50-200 nt long) at the target locus. AGO binds these transcripts  based on sequence 
complementarity to its sRNA and it also binds to Pol V CTD and SPT5L CTD (Pol V elongation 
factor that also contains an AGO-hook domain). The AGO then slices the Pol V transcript, but the 
reason  for  it  is  not  known.  As  a  result  of  this  process,  DRM2  (Domains  Rearranged 
Methyltransferase) methylates cytosines in DNA in close proximity (Wierzbicki et al. 2008; Zhong 
et al. 2014; Böhmdorfer et al. 2016; Liu et al. 2018; Gallego-Bartolomé et al. 2019). For loci to be 
methylated in this model, one needs an appropriate sRNAs but also Pol V transcription. Like in the 
case of Pol IV, it appears that Pol V does not need any specific promoter, but it is targeted via 
chromatin modifications. There is a specific set of proteins recognizing DNA methylation (SUVH2 
and 9) which recruit  chromatin remodeling complex (DRD1, DMS3 and RDM1) which in turn 
allows Pol V to start transcription (Johnson et al. 2014; Böhmdorfer et al. 2016; Gallego-Bartolomé 
et  al.  2019).  This  raises  a  question  of  how loci  with active  chromatin  marks  can  get  de novo 
methylated? It has been recently suggested, that Pol V is able to some extent transcribe regions of 
the whole genome and thus allow sRNAs to target any loci for DNA methylation (Tsuzuki et al. 
2020). This notion is supported by SUVH2 and 9 independent methylation of newly integrated 
DNA, however, more research on this subject is needed (Fultz & Slotkin 2017).
The  key  methyltransferase  in  RdDM  is  DRM2,  it  belongs  to  a  family  of  plant  specific 
methyltransferases  structurally  similar  to  mammalian  Dnmt3.  DRMs are  able  to  methylate  any 
cytosine and they are essential  for the function of RdDM (Cao & Jacobsen 2002; Zhong et  al. 
2014).  Besides  DRMs  plants  have  two  other  types  of  DNA  methyltransferases.  MET1 
(Methyltransferasease1)  maintains  methylation  in  the  symmetrical  CG  context  after  DNA 
replication  based  on  the  methylation  status  of  the  parental  strand.  MET1  is  orthologous  to 
mammalian  Dnmt1.  This  methylation  is  important  for  heterochromatin  maintenance  and 
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methylation  of  gene  bodies  –  methylation  not  related  to  silencing  with  unclear  function,  yet 
common  to  eukaryotes  (Kankel  et  al.  2003;  Cokus  et  al.  2008;  Zemach  et  al.  2010).  CMTs 
(Chromomethylases)  maintain  DNA  methylation  based  on  histone  methylations,  specifically 
H3K9me2. CMT2 methylates CHH sequences (H = A, C or T), but has a preference for CWA (W = 
A or T). CMT3 methylates symmetrical CHG with preference for CWG. They are important for 
heterochromatin  maintenance  (Zemach  et  al.  2013;  Gouil  & Baulcombe  2016;  Stoddard  et  al. 
2018). Although DRM2 is essential for RdDM, MET1 and CMT3 can also contribute by enhancing 
and maintaining methylation  at  RdDM targets  in their  respective sequence contexts  (Cao et  al. 
2003; Aufsatz et al. 2004). So the primary role of RdDM is to establish DNA methylation and also 
to maintain it in euchromatin, while MET1 and CMTs function in maintaining already established 
methylation throughout the genome (Zemach et al. 2013; Zhang et al. 2018). Beside RdDM the 
ability  of  other  pathways  to  establish  de novo DNA methylation  seems limited  or  nonexistent, 
however,  recent  studies  have shown that  CMTs might  be also  able  to  establish  de novo DNA 
methylation  in  some  cases;  specifically  in  gene  bodies,  where  the  methylation  is  probably 
established at CHG sites by CMT3 to be later switched to CG and maintained by MET1 and also in 
mosses, where the RdDM is less prominent than in flowering plants (Yaari et al. 2019; Wendte et 
al. 2019b).
Besides establishment and maintenance, DNA methylation is also regulated by demethylation. The 
demethylation  can  be  either  passive  (simply  by  replicating  DNA  without  reestablishing  the 
methylation at the daughter strand) or active (by enzymes). In plants the demethylation is done by 
glycosylases by removing the whole methylcytidine. The most prominent enzyme removing DNA 
methylation in somatic  tissues is ROS1. The demethylation activity  is  likely guided by various 
chromatin  modifications.  These  processes  are  important  in  plant  reproduction  and  embryo 
development (Agius et al. 2006; Gehring et al. 2009; Tang et al. 2016).
The primary  effect  of  DNA methylation  on chromatin  is  induction  of a  repressive state.  DNA 
methylation can directly affect  binding of transcription factors to their DNA binding motifs. Over 
70% of transcription factors are directly inhibited by DNA methylation, but there is small fraction 
of transcription factors with affinity to methylated DNA and some of  these can actually activate 
expression when their binding site is methylated (Fischer et al. 2008; Lister et al. 2008; O’Malley et 
al. 2016; Harris et al. 2018). The best described example is the transcriptional regulation of ROS1. 
The ROS1 expression is  positively  correlated  with levels  of DNA methylation  in  its  promoter, 
resulting in increased activity of ROS1 and DNA demethylation, creating a negative feedback loop. 
The decreased expression of ROS1 in RdDM mutants can lead to increased methylation at several 
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loci  (Williams  et  al.  2015).  However,  DNA  methylation  usually  does  not  act  alone,  but  it  is 
accompanied by other factors mostly in the form of chromatin modifications through which it can 
regulate the transcription. There are few best described chromatin modifications, which are directly 
regulated by DNA methylation and vice versa. The CHG methylation and to some extent also other 
methylated cytosines are recognized by SUVH4, 5 and 6 histone methyltransferases which induce 
H3K9me2  (dimethylation  of  histone  3  at  lysine  9)  modification.  This  modification  is  in  turn 
recognized by CMTs to methylate  DNA, creating  a  positive  feedback loop,  allowing CMTs to 
maintain DNA methylation. Pol IV also recognizes this modification, making the interconnection 
between DNA methylation and H3K9me2 very close (Bernatavichute et al. 2008; Law et al. 2013; 
Li  et  al.  2018).  In opposition to H3K9me2 is  H3K4me3, which is  an activation mark.  Several 
RdDM silenced loci require histone demethylase to remove this mark,  so they can be silenced. 
H3K4me3  also  blocks  targeting  of  Pol  IV  (Greenberg  et  al.  2013;  Law  et  al.  2013).  Similar 
activation mark is histone acetylation and again RdDM is accompanied by histone deacetylases 
(Aufsatz  et  al.  2002;  Liu  et  al.  2012).  These  marks  directly  affect  the  RdDM,  but  they  act 
downstream of DNA methylation.  In some other  eukaryotes  besides  plants,  the RNAi can also 
directly induce histone modifications (Cecere & Grishok 2014). Whether this is possible also in 
plants is not known, although few studies suggested the possibility  of H3K9me2 being directly 
deposited  by  RNAi  (Enke  et  al.  2011;  Parent  et  al.  2021).  There  are  many  more  chromatin 
modifications  and  histone  variants  which  can  have  various  effects  on  DNA  methylation, 
transcription and other processes, making the chromatin regulation a very complex phenomenon 
(reviewed in Liu  et  al.  2010;  Borg et  al.  2021).  These  modifications  are  either  recognized  by 
transcription factors, or they can lead to chromatin compaction physically preventing transcription 
factors to bind DNA. The compaction is mostly the result of deacetylation and histone H1 binding. 
To methylate  compacted  DNA, DNA methyltransferases  need the  aid  of  chromatin  remodelers 
(Zemach et al. 2013).
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Aims of the Thesis
Silencing (RNAi) plays an important role in regulating gene expression and particularly it is  of 
interest in case of transgene expression, because transgenes show high susceptibility to it. Although 
it has been intensively studied in recent years and many components of the RNAi pathway are 
known, there are still many aspects of silencing that lack adequate scientific description. One such 
area is the insight into the course of silencing, from its initiation to a steady state with the timing of 
individual steps. Studies on this topic analyzed silencing on the whole plant level, which makes the 
results  closer to the real life  conditions,  but obscured by variability  in tissues (each expressing 
different levels of RNAi components). In the long term experiments, there is also  the impact of 
plant sexual reproduction, which brings large epigenetic resets with each generation (Paszkowski & 
Grossniklaus 2011; Zhao et al. 2014; Ingouff et al. 2017). To be able to approach these issues we 
chose a highly homogeneous tobacco BY-2 cell line as a model (Nagata et al. 1992) and established 
a system for monitoring the course of silencing and a system for precise silencing induction. We 
also decided to use different means of initiating RNAi, to compare how their dynamics of silencing 
differ.
The individual aims to achieve this were:
• To establish a model system to monitor the course of silencing. This would be a system that 
should allow us to monitor the silencing for theoretically unlimited time in unchanging and 
homogeneous culture.  The silencing would have to be inducible  to  allow its monitoring 
from the very beginning and to switch it off. Such system also should be approachable by 
various methods to analyze it in sufficient detail.
• To describe the time course of PTGS and TGS. How fast is each type of silencing? Would 
they  go  through  different  stages  with  the  respect  to  the  strength  of  silencing,  types  of 
produced sRNA and the stability of silencing? Would they eventually reach maintenance 
phase,  i.e. would PTGS eventually switch to TGS and would TGS eventually switch from 
RdDM to DNA methylation maintenance?
• To find out differences in the course of PTGS and its outcomes between various silencers. 
Assuming that different dsRNA precursors would lead to production of different types of 
sRNAs, in different amounts and with different spatiotemporal distribution, what would be 
their  impact  on  PTGS?  How  does  this  affect  speed  and  strength  of  PTGS,  ability  to 
methylate DNA and eventually switch to the maintenance phase of silencing?
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Publication Summary
Publication 1 – Čermák & Fischer, 2018
Čermák, V. & Fischer, L., 2018. Pervasive read-through transcription of T-DNAs is frequent 
in tobacco BY-2 cells and can effectively induce silencing. BMC Plant Biology, 18(1), 252.
Summary: In this publication we describe silencing we observed in cell lines prepared for silencing 
induction  with  inverted  repeat.  Although  the  transcription  of  this inverted  repeat  should  be 
inducible,  we observed silencing often without induction.  We show that  there is a transcription 
independent of promoters present within the T-DNA and that it can be common for T-DNAs to be 
read-through  by  transcripts  from  genomic  regions.  This  transcription  when  it  encounters  an 
inverted-repeat  region  can  induce  efficient  silencing.  We  speculate  that  the  read-through 
transcription is the result of a specific epigenetic status of the integrated T-DNA.
My contribution: I performed all the experiments and I significantly contributed to the study design, 
results interpretation and manuscript writing.
Publication 2 – Klíma et al. 2019
Klíma, P.,  Čermák, V., Srba, M., Müller, K., Petrášek, J., Šonka, J., Fischer, L. & Opatrný, Z., 
2019.  Plant Cell Lines in Cell Morphogenesis Research: From Phenotyping to -Omics. In F. 
Cvrčková  &  V.  Žárský,  ed.  Plant  Cell  Morphogenesis:  Methods  and  Protocols.  Methods  in 
Molecular Biology. New York, NY: Springer New York, 367–376.
Summary: Methodological  chapter  about  working  with  plant  cell  lines.  One  of  the  protocols 
describes flow cytometry analysis of BY-2 cell lines which was important in our works analyzing 
the course of silencing.
My  contribution: I  established  the  protocol  and  wrote  description  of the  protocol  “Assessing 
Fluorescence of BY-2 Protoplasts Using Flow Cytometry”
Publication 3 – Přibylová et al. 2019
Přibylová, A., Čermák, V., Tyč, D. & Fischer, L., 2019. Detailed insight into the dynamics of the 
initial  phases  of  de  novo  RNA-directed  DNA  methylation  in  plant  cells. Epigenetics  & 
Chromatin, 12(1), 54.
Summary: This work describes inducible TGS of CaMV 35S promoter in the tobacco BY-2 cell line 
and it is focused on its initial  phases. We show that the methylation is  very fast (first response 
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within  12  h),  that  different  cytosine  contexts  have  different  dynamics  of  methylation  and  that 
preexisting CG methylation does not affect the time course of silencing.
My contribution: I was involved in the study design and some DNA methylation and transcript level 
analyses.
Publication 4 – Čermák et al. 2020
Čermák,  V.,  Tyč,  D.,  Přibylová,  A.  &  Fischer,  L.,  2020.  Unexpected  variations  in 
posttranscriptional gene silencing induced by differentially produced dsRNAs in tobacco cells. 
Biochimica et Biophysica Acta (BBA) - Gene Regulatory Mechanisms, 1863(11), 194647.
Summary: In  this  publication  we  compared  different  ways  of  inducing  PTGS,  specifically  we 
compared: inverted repeat (IR), antisense (AS) and unterminated sense (UT) transcripts. All the 
silencers were inducible and targeted stably expressed GFP mRNA in tobacco BY-2 cell line. We 
observed that IR was fastest and strongest, UT was able to maintain silencing without ongoing 
induction and AS together with low induced IR had different impact on DNA methylation at two 
loci with identical sequence – indicating that these two loci had different sensitivity to RdDM.
My contribution: I did the majority of the experimental work and I significantly contributed to the 
study design, results interpretation and manuscript writing.
Discussion
Transgenes are heavily used in RNAi research, both as markers of silencing and also as silencing 
inducers. Due to the ease of use of transgenic markers and lack of substantial phenotypic changes in 
number of RNAi mutants, transgenes play a major role in studying RNAi and so far they were a key 
component in all  forward genetic screens attempting to find genes involved in RNAi (Elmayan et 
al. 1998; Brodersen et al. 2008; Eamens et al. 2008; He et al. 2009; Greenberg et al. 2011; Eun et al. 
2012). However, such systems are usually based on stably integrated transgenes with constitutive 
expression for silencing induction. This approach has its advantages, but it usually allows only to 
observe the final state of silencing (or some later stages). Alternative approaches exist which make 
use  of  viral  infection,  Agrobacterium infiltration  or  recently  developed  direct  application  of 
synthetic sRNAs (Ruiz et al. 1998; Dadami et al. 2014; Dalakouras et al. 2016). In these cases the 
silencing starts with the infection and it can be monitored throughout the whole course. But the 
antiviral  RNAi is quite specific and the RNAi components are highly redundant in this process 
(Deleris et al. 2006), also the infection will not affect the plant homogeneously. These issues can be 
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addressed by stably integrated transgenes with inducible expression. Although this approach has its 
own technical difficulties, few such studies have been done, all on whole plant level using inducible 
inverted repeat as silencer (Chen et al. 2003; Lo et al. 2005; Wielopolska et al. 2005).
To address the aims and questions postulated in the chapter  Aims of the Thesis we developed a 
model system composed from the following components: tobacco BY-2 cell line – to have highly 
homogeneous cells, which can be easily treated with chemicals; GFP as a target for silencing – to 
easily monitor the silencing even in large populations; estradiol-inducible silencers (precursors for 
sRNAs) – to be able to activate the silencer transcription at specific time, modulate the strength of 
transcription and to have the ability to switch the silencing off by washing the estradiol away (Zuo 
et al. 2000). We also choose to use different types of silencers to be able to compare them and 
describe  differences  between  them.  The  types  of  silencers  reflected  basic  principles  how  the 
precursor dsRNA can be formed (see  Introduction),  specifically:  intramolecular  pairing (hairpin 
RNA produced from inverted repeat  GFP silencer –  IR), intermolecular pairing (pairing of target 
sense  GFP mRNA with RNA from antisense  GFP silencer –  AS) and second strand synthesis by 
RDR (aberrant RNA produced by unterminated GFP silencer – UT; Fig. 4). To be able to compare 
the silencers a single transgenic GFP expressing line was selected to allow direct comparison of the 
silencers without being affected by any variability of the silencing target, which could possibly 
manifest  between  transgenic  lines  with  different  insertion  events.  This  line  has  been  stably 
expressing  GFP for  several  years  (Nocarova  & Fischer  2009).  Of  course  there  are  also  some 
disadvantages to such a system. Plant cell cultures show large epigenetic differences compared to 
their parental plants (Tanurdzic et al. 2008), however, the pathways themselves work efficiently 
enough in cell cultures (Wang & Waterhouse 2000). One study showed that PTGS might be less 
efficient in cell culture (Marjanac et al. 2009), while different study saw higher efficiency for TGS 
in cell culture (Fojtová et al. 2003). But given the large differences in silencing efficiency between 
tissues  of  a  single  plant,  the  cell  culture  can  hardly  be  considered  an  outlier  in  this  respect 
(Marjanac et al. 2009). The problem with stably integrated transgenes for silencers is the variability 
caused by the positional effect of integration, effects of variable number of insertions and risk of 
generating loci with repeat arrangement that could affect the types of produced RNAs (Wang & 
Waterhouse  2000;  Lechtenberg  et  al.  2003;  Fischer  et  al.  2008).  It  has  been also reported  that 
endogenes behave differently compared to transgenes when targeted by silencing. Endogenes show 
higher resistance to secondary sRNAs production and RdDM (Christie et al. 2011; Vermeersch et 
al. 2013). Therefore transgenes might be considered too artificial for such experiments, on the other 
hand  higher  sensitivity  to  silencing  can  be  viewed  as  advantageous,  because  in  a  system  too 
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resistant to silencing we might not be able to observe effects of weaker silencers like the antisense 
construct (Chen et al. 2003). It could be also speculated that transgene behavior might resemble 
behavior of endogenes that are supposed to be regulated by RNAi, as opposed to endogenes that are 
not normally regulated by RNAi, but are often used as targets for silencing in many experiments 
(Christie et al. 2011; Kim et al. 2021).
With the described model system we could design the experiments. Our experimental workflow 
was as follows (Fig. 5): to supertransform GFP expressing BY-2 cell line with silencer constructs, 
select lines which retained florescence among the primary calli, divide them in half – one half use 
as  control,  the  other  expose  to  the  inductor  –  this  would  give  us  the  population  efficiency  of 
silencing and also allow us to select lines with efficient silencing to be analyzed further in more 
detail.
The parental  line used for supertransformation was homogeneous, so one would expect  that the 
primary calli derived from the transformation would be also homogeneous. However, this was not 
true and besides the differences among calli from single transformation, there were also differences 
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Fig.  4: Schematic representation of the mechanism of function for all the silencer variants. AS (RNA from antisense  
GFP silencer  pairing to  the target  sense  GFP mRNA),  UT (unterminated  GFP silencer  producing aberrant  RNA  
recognized by RDR), GFP IR (inverted repeat GFP silencer producing hairpin RNA), 35S IR (inverted repeat CaMV  
35S silencer producing hairpin RNA for induction of TGS). The dsRNAs are processed into sRNAs which can target  
mRNA for degradation and possibly secondary sRNAs production (green) and DNA for methylation. P35S: CaMV 35S 
promoter,  PIND:  inducible  promoter  activated  by  β-estradiol;  TNOS:  nopaline  synthase  terminator;  T3A:  rbcs  S  3A 
terminator; GFP: green fluorescent protein coding sequence; intron: intron from Solanum tuberosum PsbO gene. All  










between the individual silencers (Attachment 1, Fig. 1). Actually the IR silencer showed massive 
silencing. The estradiol inducible XVE system used to regulate the expression was reported to be 
reliable with no leaky expression (Zuo et al. 2000; Moore et al. 2006). And indeed, although the 
silencer was transcribed in lines where the silencing occurred, the transcription did not originate 
from the inducible promoter. This silencing and its causes are described in Publication 1 (Čermák & 
Fischer 2018). The transcription was independent of the canonical promoters in the T-DNA and at 
least some of the transcripts originated outside of the T-DNA. This means that they could originate 
either in genomic DNA or in adjacent  T-DNAs in case of tandem  T-DNA insertions. We did not 
observe a higher occurrence of tandem T-DNA insertions among the spontaneously silenced lines, 
but we observed a generally higher number of  T-DNA insertions among these lines. Correlation 
between  silencing  efficiency  and  T-DNA copy  number  of  IR silencers  was  already  previously 
observed (Wang & Waterhouse 2000). In our system the higher transcription of the spontaneously 
silenced lines suggests that the higher number of T-DNA insertions increased the chance of the read-
through  transcription.  We believe  that  this  transcription  is  initiated  and/or  allowed by specific 
chromatin status of given insertions. This is supported by the positive correlation of the sense and 
antisense  read-through transcription  and by its  ability  to  read-through terminators  –  both these 
phenomenons could be most easily explained by the chromatin state of the T-DNA insertion loci. In 
later experiments we saw low levels of sRNAs in an uninduced (non-spontaneously silenced) IR 
line (Attachment 4, Fig. 5). Interestingly, after this line went through the stage of induced silencing 
and thereafter  this  silencing  was  turned off,  these  “background”  levels  of  sRNAs disappeared. 
Assuming that these sRNAs were a result of read-through transcription, then it seems that this read-
through transcription was stopped by chromatin changes that accompanied the silencing and/or the 
transient transcription of the silencer.  It was previously shown that DNA methylation can have 
various effects on (read-through) transcription and also aberrant RNA production (Yan et al. 2016; 
Osabe et al. 2017; Butel et al. 2021). Transcription itself modifies chromatin and prevents cryptic 
transcription (Smolle & Workman 2013). In  Publication 1 we analyzed and described this read-
through  transcription  only  at  the  IR silencer  and  sense  GFP transgene,  but  there  were  some 
differences also among the remaining variants. The UT silencer showed significantly larger number 
of spontaneously silenced clones even though it was the least efficient silencer when the silencing 
was  intentionally  induced,  i.e.  relatively  to  the  all  other  silences  it  performed  better  when 
spontaneously induced compared to the situation when it was intentionally induced (Attachment 1, 
Fig. 1; Attachment 4, Table 1). We did not analyze the spontaneous silencing in the UT silencer, 
which  makes  it  difficult  to  speculate  on  the  reason  why  the  spontaneous  silencing  was  more 
efficient in this variant. 
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The important outcome of Publication 1 is explanation for phenomenon known from the beginning 
of the RNAi research.  When silencing was discovered in  plants,  the exact  mechanism was not 
known.  It  was  assumed  that  it  could  be  facilitated  either  by  RNA  or  by  direct  DNA-DNA 
interaction.  Therefore  promoterless  constructs  were  often  used  as  controls  and  in  many  cases 
silencing was observed (Van Blokland et al. 1994). Now when we know how easy it is for read-
through transcripts to induce silencing, these older observations are no surprise.
Induction of posttranscriptional gene silencing
The above described spontaneous silencing probably biased the population analyses on induced 
silencing which followed. The IR showed lower silencing efficiency than was expected based on 
previous research (Wang & Waterhouse 2000; Wesley et al. 2001), probably because most of the 
silencing competent lines were lost due to the spontaneous silencing. Still, the IR was the most 
efficient silencer, while UT was the least effective, no better than control, i.e. inducible GFP with 
terminator (Attachment 4, Table 1). The low UT performance puts in question the role of aberrant 
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Fig.  5: Experimental workflow: BY-2 cell line with stable GFP expression was supertransformed with the silencer  
variants. Among the primary calli those with reasonable fluorescence were selected. Half of each calli was subjected to  
the inductor and the populational efficiency of silencing was evaluated. The best responding lines (calli) were selected  
for detailed analyses in suspension culture. Each line was exposed to the inducer for 14/10 days (for the PTGS and  
TGS respectively)  and then the lines  were monitored for  another  21 days without the inductor (PTGS only).  The  
silencing was monitored primarily  as fluorescence  measured  by  flow cytometry  which  was followed by transcript  
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RNAs in silencing, or at least the type of aberrant RNAs capable of entering the RNAi pathway 
(Luo & Chen 2007; Akbudak et al. 2013). It is noteworthy that the only other study, which directly 
compared UT silencer with other silencers, also failed to find the effect of absent terminator (Yan et 
al. 2006). However, the results for the UT lines were also affected by the spontaneous silencing. If 
we were to imagine that the UT silencer expression is driven by a constitutive promoter, then the 
UT silencing would probably be the sum of what we saw as spontaneous silencing and inducible 
silencing, making the UT silencer more efficient than control. This feature of the inducible system 
can be viewed as an advantage, as it discriminates against clones where the silencing is triggered by 
other transcripts than intended.
Out of the population of analyzed lines we selected those with strongest response – in such lines the 
RNAi pathways in question should work at maximum of their capacity and thus allow comparison 
of the silencers. The selected lines would be then subjected to thorough analyses on the course and 
effects of silencing for a given silencer.
As mentioned above, one of the advantages of BY-2 cell line is its homogeneity. However, such 
homogeneity is not absolute and besides rare instances when hybrid lines of different transgenic 
events are generated during transformation procedure (Nocarova & Fischer 2009), the cells can also 
differ in the epigenetic status of the transgene. In a previous work in our laboratory, it was shown 
that almost 90% of primary transgenic BY-2 lines show some sort of cell  to cell  variability of 
transgene expression, which is caused either by some heritable epigenetic state likely established 
short time after transformation or some instability in expression, which can have various reasons 
(Nocarova & Fischer 2009). In order to make sure that we work with as homogeneous cultures as 
possible and to understand the cell to cell variability of silencing (e.g. whether 50% decrease in 
fluorescence means 50% of decrease in all cells or 100% of decrease in 50% of cells), we needed to 
establish  a  method  to  analyze  transgene  expression  at  single  cell  level.  After  testing  a  few 
approaches, the only reliable and precise enough method turned out to be to measure fluorescence 
of protoplasts using flow cytometry. This method is described in Publication 2 (Klíma et al. 2019). 
It  allowed  us  to  analyze  the  behavior  of  individual  lines  in  high  detail  (see  below e.g.  weak 
silencing induction in IR lines).
The detailed analysis of individual lines is described in  Publication 4 (Čermák et al. 2020). Each 
cell line was exposed to the inductor for 14 days, after that it was washed out and the cell lines were 
monitored for an additional 21 days (Fig. 5). The fluorescence was measured at several time points. 
Based  on  the  fluorescence  results,  samples  from  the  potentially  interesting  time  points  were 
subjected  to  transcript  analyses,  sRNA  sequencing  and  DNA  methylation  analyses.  Besides 
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describing several already known or expected characteristics of the three types of silencers, we also 
came across several unexpected characteristics, many of which would be difficult to describe with 
different model systems. 
The most divergent from the expected behavior were the UT lines. It should be noted that the UT 
lines did not form a group with uniform behavior, unlike the other silencers. It rather seemed that 
their behavior was affected by the number and type of  T-DNA insertions. All the lines contained 
multiple  T-DNA insertions and we could prove at least one inverted repeat and one direct tandem 
repeat (in three analyzed lines). It has been proposed that silencing (including transgene silencing, 
cossupression and antisense technology) is caused by formation of T-DNA inverted repeats (Stam et 
al. 1997; Wang & Waterhouse 2000). In our case the UT line with T-DNAs integrated as inverted 
repeat behaved like IR lines, while the remaining two UT lines behaved differently. In these we 
were not  able  to prove the presence of  inverted  repeats.  The theory about  cossupression being 
caused by inverted repeat arrangement  was later challenged, or rather extended, by theory with 
aberrant RNAs that need to cross certain expression threshold  (Lechtenberg et al.  2003; Luo & 
Chen 2007; Martínez de Alba et al. 2015). This theory was recently supported by pointing to the 
choice of terminator as the major cause of transgene silencing (Felippes et al. 2020). However, the 
aberrant RNA theory also does not entirely fit the behavior of the UT lines. As already mentioned 
they did not show higher efficiency of silencing than control, even though they likely produced 
higher amounts of aberrant RNAs than control (Attachment 4, Fig. S1C). Their silencing strength 
also was similar to the IR lines when the silencers were induced to lower levels – if the aberrant 
RNAs need to cross certain threshold to enter the RNAi pathway, it would be expected that the UT 
lines will stop working at low enough concentration of the inductor, which we did not observe. 
Since the two UT lines cannot form dsRNA by inter- or intramolecular pairing and it seems that 
their  expression  does  not  need  to  cross  any  threshold,  the  only  other  explanation  is  that  they 
produce specific transcripts that can be directly targeted by some RDR. Nature of these transcripts 
remains unknown. 
However, we saw a threshold for silencing in the IR lines, when the silencer was weakly induced, 
only some of the cells reacted (Attachment 4, Fig. 4). We believe that there could be a threshold in 
the amount of sRNAs in the cell needed to initiate silencing, to protect the cell from accidentally 
produced  sRNAs.  Not  much  is  known  about  the  kinetics  of  sRNA  silencing  in  plants.  In 
mammalian cells when miRNA target transcripts exceed a certain threshold they are able to escape 
silencing.  But  mammalian  miRNAs  work  mostly  through  translational  repression  and  this  is 
achieved  by  titration  of  all  functional  miRNAs  by  too  many  target  molecules.  This  threshold 
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disappears  when  the  miRNA  are  able  to  catalytically  slice  and  degrade  the  target  molecules 
(Mukherji et al.  2011). Although this shows to a possibility of creating thresholds in activity of 
sRNAs, our threshold is different and the kinetics of plant sRNAs also differ. Therefore there has to 
be  some other  mechanism behind  our  observation.  It  has  been  shown in  yeasts  that  there  are 
mechanisms degrading low abundant sRNAs (Pisacane & Halic 2017). Also mathematical models 
of RNAi which account for mRNA targeting by multiple siRNAs predict  a threshold of siRNA 
concentration which needs to be crossed for efficient silencing. This model best fits the data of 
RNAi in mammalian cells transfected by siRNAs (Cuccato et al. 2011). Similar processes likely act 
in plants and unlike mammals, plants are able to produce secondary sRNAs – a process which can 
further  strengthen such threshold.  Our observation  could be theoretically  just  an artifact  of the 
inducible promoter, but additional support for this threshold to be at the sRNA level is the presence 
of low levels of sRNAs in the uninduced IR and UT line, which did not cause any obvious silencing 
(Attachment 4, Fig. 5).
Taken together, these results on PTGS induction can be summarized in a following model: after 
transcription different RNAs can form dsRNAs with various efficiency. In case of aberrant RNAs 
this  efficiency  can  be  affected  by  RNA degradation  pathways,  but  it  is  not  necessary  for  the 
aberrant  RNAs  (at  least  of  certain  type)  to  saturate  these  pathways.  The  aberrant  RNAs  are 
available to the RNAi machinery at all concentrations. To prevent sporadically produced aberrant 
RNAs from triggering silencing, there is a threshold at the level of sRNAs, preventing rare sRNAs 
to induce silencing. This threshold applies not only to the RNAi triggered by aberrant RNAs but 
also to RNAi triggered by intra-  or intermolecular  pairing of RNAs. This model can be easily 
applied to previous observations, where silencing correlated with expression strength and mutations 
in RNA degradation pathways and which lead to suggestion of a model where RNAs have to first 
saturate RNA degradation pathways to be able to cross threshold which allows them to enter RNAi 
pathway  (Schubert  et  al.  2004;  Voinnet  2008;  Martínez de Alba  et  al.  2015).  The  shift  of  the 
threshold from the precursor molecule (aberrant RNA) to the effector molecule (sRNA) makes this 
model more universal and since this threshold likely exists at the sRNA level, another threshold at 
the precursor RNA level is in most cases no longer necessary to explain given observations. Of 
course  the  threshold  at  the  precursor  level  can  still  exist,  especially  in  situations  where  given 
aberrant RNA can be very efficiently removed by RNA degradation pathways.
The most intriguing behavior of UT lines was their ability to maintain silencing. Surprisingly this 
silencing  maintenance  was  not  connected  with  transition  of  PTGS  to  TGS  and  the  spread  of 
methylation to the promoter. The maintenance seemed to be connected with perpetual production of 
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secondary sRNAs. What features of these sRNAs allow to maintain the production of secondary 
sRNAs is not known. Similar maintenance of silencing was observed on whole plant level using 
viral induction of silencing (Ruiz et al. 1998; Zhao et al. 2014). In our case we had the opportunity 
to compare the sRNAs from the UT line to sRNAs from the AS line. Both these silencers induced 
production of secondary sRNAs, this was most evident based on the 3’ transitive sRNAs present in 
the  3’  UTR of  target  GFP.  In  the  UT line  these  transitive  sRNAs dominated.  However,  these 
transitive sRNAs were almost identical between the AS and UT line – same abundance, same sizes,  
similar strand ratio and almost the same 5’ end nucleotides (Attachment 4, Fig. S5), yet they were 
not able to maintain the silencing in the AS line. Grafting experiments on the systemic spreading of 
silencing in plants suggested that the silencing maintenance depends on the nature of the target 
locus. When the target locus was able to spontaneously switch on the silencing, only then it was 
able  to maintain  the silencing when it  was triggered  by external  supply of sRNAs by grafting 
(Vaucheret  et  al.  2001).  But  our  system used  a  single  target  which  behaved  differently  when 
targeted with very similar sRNAs only from different source. There is one more line of evidence 
supporting the different nature of sRNAs between AS and UT lines. In the UT lines the sRNAs are 
able to methylate  the target  GFP but in the AS line they are not (Attachment  4, Fig. 6). Such 
difference  can  be  hardly  attributed  to  anything  else  than  to  the  sRNAs.  How to explain  these 
situations  –  similar  sRNAs  targeting  the  same  locus  with  these  two  different  outcomes?  The 
possible answer could be in localization. The aberrant RNAs do not have the features needed for 
nuclear export (Huang & Carmichael 1996), therefore the primary sRNAs have to be produced in 
the nucleus. On other hand the sRNAs induced by the AS silencer can be produced in cytoplasm 
and if their import to nucleus would be limited, it could easily explain their lower ability to induce 
methylation. This theory, however, has few issues that would need to be resolved. The first is the 
localization of sRNAs processing enzymes, all are localized to the nucleus and only few are also in 
cytoplasm (Hoffer et al. 2011; Pontes et al. 2013; Pumplin et al. 2016). The second issue is that the 
current model for secondary sRNAs production expects coupling of this process to translation and 
thus localization to cytoplasm. However, the secondary sRNAs can be probably produced also in 
the nucleus as all the necessary components are there and secondary sRNAs have been detected also 
from pre-mRNAs (Hoffer  et  al.  2011).  Given the different  nature  of  cytoplasm and nucleus  in 
respect to the RNAi pathways, one would expect that the same sequence should produce a different 
spectrum of sRNAs when processed in these compartments, but we observed striking similarity in 
the  sRNAs  between  AS  and  UT  lines.  More  research  on  the  compartmentalization  of  RNAi 
pathways is needed.
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DNA methylation and transcriptional gene silencing
Besides analyzing the effects of RNAi on target transcripts, we also looked at target chromatin, 
namely DNA methylation. As sRNAs have the ability to induce DNA methylation, genes targeted 
for PTGS are usually also methylated. However this methylation has no known effects on PTGS or 
gene expression (Wang & Waterhouse 2000; Taochy et al. 2019). In our system the silencing can be 
also accompanied by DNA methylation. This DNA methylation mostly correlated with the strength 
of silencing except the already mentioned UT lines, which seemed to be more potent in methylating 
DNA relative to the number of sRNAs they produced. Not only was there a difference in the sRNA 
ability to methylate the DNA, but the DNA sequences also differed in their ability to be methylated. 
In each line the GFP sequence was present in at least two copies – as the target sequence and as a 
part  of the silencer.  In cases when the RdDM was fully induced (IR and UT lines) both these 
sequences were methylated more or less equally, however, in case of weaker RdDM induction (AS 
lines  and IR with low expression  of  the  silencer),  only  the  silencer  sequence  was  methylated. 
Different  sensitivity  of  the identical  sequences  to  DNA methylation  has been already observed 
before for endogenes and transgenes (Vermeersch et al. 2013). And also among transgenes as a 
result of insertions in different positions (Fischer et al. 2008). Although we had only one target in 
one locus, we had multiple silencers in multiple loci which were always more sensitive to DNA 
methylation than the target. Therefore it seems that this sensitivity is probably connected with the 
particular T-DNA and not a result of the positional effect of the insertion. In our system the silencer 
is  only transiently  transcribed compared to  the GFP expressed constitutively  for  years.  Such a 
situation will likely result in different epigenetic status at those loci that can affect the introduction 
of new epigenetic modifications. Using the transcription inducible system also for the target could 
provide an opportunity to study such phenomena. 
The DNA methylation  never  spread beyond the  GFP transcription  unit.  In  the  IR lines  it  was 
distributed all along the primary target sequence and there was no correlation between the sRNAs 
hotspots and methylation hotspots, although the differences in methylation along the sequence were 
not  as  big  as  in  the  case  of  sRNAs.  Therefore  the  RdDM was  likely  fully  induced  along  the 
sequence, but it had different efficiency in methylating individual regions of the sequence. In the 
UT lines the induced methylation was at the 3’ end correlating with the amount of sRNAs. The 
DNA methylation is known to be able to spread from the primary target sequence (Daxinger et al. 
2009; Ahmed et al. 2011). If this methylation spreads to a promoter it will result in a shift from 
PTGS to TGS (Fojtová et al. 2003; Marí-Ordóñez et al. 2013). Such a situation can be desirable for 
loci that should be silenced long term, like transposons (Marí-Ordóñez et al. 2013; Fultz & Slotkin 
31
2017).  We  did  not  observe  such  spreading  probably  because  of  too  short  time  of  silencing 
induction.  It  would  be  intriguing  also  to  describe  the  dynamics  of  this  process.  But  the  time 
necessary to observe spreading of methylation would probably require months or few generations of 
plants  (Fojtová et al. 2003; Nocarova et al. 2010; Catoni et al. 2013; Marí-Ordóñez et al. 2013; 
Weinhold et al. 2013).
To better understand the dynamics of TGS, we chose to induce TGS directly.  These results are 
described in Publication 3 (Přibylová et al. 2019). The system was the same as for PTGS induction, 
we used inverted repeat made with 5’ fragment of CaMV 35S promoter. The population efficiency 
of silencing was only slightly lower than in the IR induced PTGS, however, in this case not affected 
by spontaneous silencing  (Motylová 2015). After induction in the selected lines the reaction was 
rapid, the first significant silencing was apparent in 12 hours and full silencing was reached in two 
days in the best responding lines. Comparing the IR induced PTGS and TGS, the PTGS was 50% 
faster in affecting the phenotype (fluorescence)  and three times faster at  decreasing the mRNA 
transcript. Unlike TGS, PTGS increases the transcript turnover, which itself is probably quite fast 
given how closely the decreasing transcript levels were able to follow the increasing methylation 
during TGS (Attachment 3, Fig. 2). Same as the decreasing transcript levels, the first methylation 
appeared in 12 hours and reached maximum in two days. There were differences in the dynamics of 
the individual cytosine contexts. The CHH methylation peaked at two days of silencing while the 
other two contexts kept increasing further, likely due to involvement of other methyltransferases in 
their maintenance. These dynamics are affected by cell division as the DNA methylation has to be 
reestablished at the newly synthesized DNA strands. Considering that BY-2 doubles at about every 
20 hours, the RdDM is able to methylate already silenced locus at much faster rate than the naive 
locus. But the mere presence of methylated CG had no effect on  de novo methylation as evident 
from one of the lines with CG methylation in the promoter before the start of the experiment. Taken 
together the sRNAs in TGS act very fast, with some delay at the start of methylation and somewhat 
more gradual accumulation of methylcytosines, possibly hampered by the ongoing cell division. 
The dynamics of methylation of transcribed loci during PTGS differ a little bit, the methylation of 
untranscribed promoter can be much faster – more than twice compared to the GFP IR silencer and 
more than three times compared to the target GFP (Attachment 4, Fig. S6). This again points to a 
different sensitivity of loci to methylation probably as a result of transcription as discussed before.
It should be also pointed out that the two  IRs differed in the spectrum of produced sRNAs. The 
P35S IR lines produced mainly 21 nt siRNA with very low levels of 24 nt sRNA. The GFP IR line  
produced mainly 22 nt sRNAs with relatively higher levels of 24 nt sRNAs. The difference in the 
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amount  of produced 24 nt sRNAs further highlights the difference in the speed of methylation 
between the two IRs and the impact of the nature of the target locus at its methylation. The reason 
for the different  composition of produced sRNAs is  not  known. The sequences of the two  IRs 
differed, the GFP IR also had the opportunity to produce secondary sRNAs at the target, although 
the lack of transitive sRNAs at the IR silenced GFP suggests that there were no or very low levels 
of  secondary  sRNAs  from  the  target.  Also  we  sequenced  only  one  GFP  IR  line,  which  has 
undergone recombination during transformation that resulted in the absence of intron between the 
IR arms – therefore unlike the other IRs this one could not be spliced during transcription.
The RdDM was not the only mechanism that maintained the established DNA methylation. MET1 
was involved at maintaining CG methylation as evident from the persistence of methylated CG in 
the absence of sRNAs (Attachment 4, Fig. 6) (Aufsatz et al. 2004). While the CMT3 maintained the 
CHG methylation as evident from the higher methylation of CWG sequences (W = A or T) than in 
CCG sequences – typical hallmark of CMT3 activity (Gouil & Baulcombe 2016). Interestingly the 
methylation of CWG sequences reached 100%. This contradicts the conclusions  of Borges et al. 
2020 who suggested that CMT3 activity lags after cell division resulting in hemimethylated CWG 
sites in dividing cells. Our results suggest that such behavior is not a general CMT3 feature, but it is 
rather specific to given conditions or species. Unlike CG methylation the CHG methylation was not 
maintained in the GFP coding sequence. This is not surprising because the CMT3 activity depends 
on H3K9me2 modification which is actively removed from transcribed regions (Saze et al. 2008). 
The fate of DNA methylation in individual contexts in the promoter region in absence of sRNAs 
was not analyzed and is a subject of ongoing experiments (Přibylová, unpublished results).
Conclusions
We developed a system to study the dynamics of RNAi induced by various silencers (triggers of 
sRNA production). The system was based on BY-2 cell line with stable expression of GFP reporter 
under the control  of  CaMV 35S promoter.  The silencers were under the control of an estradiol 
inducible promoter. We used four different silencers: AS (RNA from antisense GFP silencer pairing 
to  the  target  sense  GFP mRNA),  UT (unterminated  GFP silencer  producing  aberrant  RNA 
recognized  by RDR),  GFP IR (inverted  repeat  GFP silencer  producing hairpin  RNA),  35S IR 
(inverted repeat CaMV 35S silencer producing hairpin RNA for induction of TGS; Fig. 4). With this 
system we made the following observations and conclusions:
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The silencer differed in several quantitative characteristics – efficiency:  GFP IR > 35S IR > AS > 
UT; strength: 35S IR ≥ GFP IR > AS ≥ UT; speed: GFP IR > 35S IR > AS ≥ UT; sensitivity: GFP IR 
> UT > AS (n.d. for 35S IR); amount of produced sRNAs: 35S IR ≥ GFP IR > AS > UT; proportion 
of target DNA methylation: GFP IR ≥ 35S IR > UT > AS.
Compared to the other silencers, the  AS showed sRNA-strand bias in favor  of the reverse strand 
sRNAs. It also showed asymmetry in its ability to methylate DNA, with the silencer sequence being 
more sensitive to methylation while the target sequence was resistant. Similar phenomenon was 
also observed with low induced GFP IR.
UT along with AS produced high amounts of secondary and transitive sRNAs. In the UT line these 
sRNAs persisted without the induction and they were able to maintain the silencing. The behavior 
of the UT lines also puts in question the mechanisms of RNAi induced by aberrant RNAs. The 
impact of the missing terminator was questionable in our system. We also did not observe any 
expression threshold for the aberrant RNAs, which was previously suggested as a result of the need 
to saturate RNA degradation pathways.
As expected the GFP IR silencer topped all the quantitative characteristics. But in our system it also 
allowed us to compare strongly and weakly induced RNAi. At very weak induction we observed 
binary silencing at  individual  cell  level  (cells  were either silenced or not),  suggesting a certain 
sRNAs threshold had to be exceeded. If confirmed, such threshold could have wide implications for 
interpretation of data on plant RNAi.
The  DNA  methylation  induced  by  35S  IR was  very  fast  (first  methylation  in  12  hours,  full 
practically in two days), resulting in quick TGS.  The dynamics of DNA methylation differed in 
individual  cytosine  contexts  reflecting  involvement  of  different  maintenance  DNA 
methyltransferases after establishment of primary methylation.
Besides inducible silencing we also observed spontaneous silencing – silencing caused by read-
through transcription from outside the T-DNA. The most affected was the GFP IR silencer, likely 
because it was the most efficient in silencing.
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Pervasive read-through transcription of T-
DNAs is frequent in tobacco BY-2 cells and
can effectively induce silencing
Vojtěch Čermák and Lukáš Fischer*
Abstract
Background: Plant transformation via Agrobacterium tumefaciens is characterized by integration of commonly low
number of T-DNAs at random positions in the genome. When integrated into an active gene region, promoterless
reporter genes placed near the T-DNA border sequence are frequently transcribed and even translated to reporter
proteins, which is the principle of promoter- and gene-trap lines.
Results: Here we show that even internal promotorless regions of T-DNAs are often transcribed. Such spontaneous
transcription was observed in the majority of independently transformed tobacco BY-2 lines (over 65%) and it could
effectively induce silencing if an inverted repeat was present within the T-DNA. We documented that the
transcription often occurred in both directions. It was not directly connected with any regulatory elements present
within the T-DNAs and at least some of the transcripts were initiated outside of the T-DNA. The likeliness of this
read-through transcription seemed to increase in lines with higher T-DNA copy number. Splicing and presence of a
polyA tail in the transcripts indicated involvement of Pol II, but surprisingly, the transcription was able to run across
two transcription terminators present within the T-DNA. Such pervasive transcription was observed with three
different T-DNAs in BY-2 cells and with lower frequency was also detected in Arabidopsis thaliana.
Conclusions: Our results demonstrate unexpected pervasive read-through transcription of T-DNAs. We hypothesize
that it was connected with a specific chromatin state of newly integrated DNA, possibly affected by the adjacent
genomic region. Although this phenomenon can be easily overlooked, it can have significant consequences when
working with highly sensitive systems like RNAi induction using an inverted repeat construct, so it should be
generally considered when interpreting results obtained with the transgenic technology.
Keywords: GFP, Inverted repeat, Promoterless, RNAi, Read-through transcription, T-DNA, Tobacco BY-2 cell line
Background
Agrobacterium tumefaciens mediated transformation is a
common method used to obtain transgenic plants. Agrobac-
terium transfers its T-DNA into a plant cell, where it can be
integrated inside plant genome predominantly through
double-strand break repair pathway (reviewed in [1]). Gen-
erally T-DNAs are stably introduced only in a small propor-
tion of cells cocultivated with Agrobacterium. The T-DNAs
are integrated at random positions in their genome [2, 3].
Subsequent regeneration of transgenic lines requires incorp-
oration of a selection step to filter out untransformed cells/
plants. This selection is usually achieved by incorporating
antibiotic or herbicide resistance gene into the T-DNA. The
requirement for the selection gene to be actively expressed
then imposes bias on the selected transformants. T-DNAs
of such transformants are preferentially present in regions
with active transcription, especially near promoters and in
regions with low nucleosome density [3, 4]. This probably
leads to the unusually high success rate of various pro-
moter- and gene-trap lines [5–7]. Although the transfor-
mants generated by Agrobacterium have lower number of
insertions compared to other transformation methods, there
are still many transformants with multiple insertions. Com-
monly the number of insertions per line varies between 1.4
and 4.9 [4, 8]. In case of multiple insertions, it is quite com-
mon for T-DNAs to integrate in a form of direct or inverted
* Correspondence: lukas.fischer@natur.cuni.cz
Department of Experimental Plant Biology, Charles University, Faculty of
Science, Viničná 5, 128 44 Prague 2, Czech Republic
© The Author(s). 2018 Open Access This article is distributed under the terms of the Creative Commons Attribution 4.0
International License (http://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution, and
reproduction in any medium, provided you give appropriate credit to the original author(s) and the source, provide a link to
the Creative Commons license, and indicate if changes were made. The Creative Commons Public Domain Dedication waiver
(http://creativecommons.org/publicdomain/zero/1.0/) applies to the data made available in this article, unless otherwise stated.
Čermák and Fischer BMC Plant Biology          (2018) 18:252 
https://doi.org/10.1186/s12870-018-1482-3
repeats in one position in the genome. Due to the way how
T-DNAs are integrated, the most common form is the
head-to-head (RB-to-RB) inverted repeat arrangement [9,
10]. Convergent read-through transcription of T-DNAs inte-
grated as inverted repeats can induce silencing of homolo-
gous sequences via RNA interference (RNAi) [11, 12].
RNAi is an important mechanism in the regulation of
gene expression in eukaryotic cells. In functional genom-
ics, it is often used as a tool to modify expression of stud-
ied genes. The key players in RNAi are small RNAs
(sRNAs), which can be formed by multiple pathways in
plants, making the plant RNAi a very complex process
(reviewed in [13]). Generally, a double stranded RNA
(dsRNA) is needed to induce sRNA production in plants.
There are many different ways to achieve dsRNA forma-
tion in a cell, the most efficient one is intermolecular
pairing of transcripts coming from an inverted repeat [14].
Triggering RNAi by introduced “silencer constructs”
can be used to knock out genes of interest or to study the
mechanisms of RNAi itself. The large majority of RNAi
studies were based on the model plant Arabidopsis thali-
ana that offers high quality genomic data and plenty of
mutant lines, which are easily accessible to the research
community. Few years ago, we started to test an alterna-
tive model, tobacco BY-2 cell line that has been success-
fully used in numerous studies focused on cellular
processes [15]. The BY-2 cell culture is composed of rela-
tively homogeneous mitotically proliferating cells [15, 16].
The absence of the gametophytic phase also prevents
some types of epigenetic changes connected with this de-
velopmental stage [17–20]. The BY-2 cell line also allows
simple analyses at the level of individual cells and assess-
ment of a large number of independent transgenic lines
(in the callus form) that can be easily generated, managed
and analyzed [16]. Since the behavior of individual trans-
genic lines of any model is affected by the T-DNA copy
number and the chromosomal environment of the inser-
tion [21–23], analysis of a high number of independent
transformed lines, which provides a more generalized pic-
ture, is recommended. Other advantages include easy and
reliable analyses of fluorescence levels in these cells as well
as simple ways to treat these cells with various chemicals.
In situations, where the study is focused on analyses of
general molecular and cellular mechanisms, the absence
of the whole plant context may not have substantial im-
pact on the appropriate generalization of the results.
The observation of pervasive read-through transcription
of T-DNAs that we describe in this study, was discovered
during our RNAi project focused on comparison of silen-
cing potential of different silencing inducers. We super-
transformed a BY-2 line stably expressing the GFP gene
[24] with various silencers that were not controlled by a
constitutive promoter as usual, but they were based on the
XVE inducible system [25, 26], providing the possibility of
highly reliable induction of RNAi by β-estradiol. The GFP
reporter gene was used to allow simple visualization of
silencing.
We generated hundreds of independent transgenic
BY-2 lines (calli) with a goal to assess population re-
sponses to the induced expression of each silencing in-
ducer (these data are not presented in this study).
Surprisingly, we observed significant differences between
the silencers already prior to their activation with
β-estradiol with high frequency of silencing occurring in
the calli carrying the inverted repeat construct. We
found that this silencing correlated with spontaneous
transcription of the silencer and here we show detailed
analysis of this phenomenon.
Methods
Plasmid construction
All silencer T-DNAs (Fig. 1) were prepared similarly. First
the full length GFP sequence was PCR amplified from
psmRS-GFP plasmid [27] using primers with appropriate
adapters (Additional file 1). The sequence was then
inserted into the pDrive vector (part of QIAGEN PCR
Cloning Kit) and subsequently transferred into the destin-
ation binary vector – either pER8 [26] or pGreen [28]
using the appropriate restriction endonucleases. The
AS-GFP was cloned between XhoI and BcuI in pER8, the
UT-GFP was cloned between XhoI and PvuII in pER8, the
GFP was cloned between XhoI and BcuI in pER8 (as SalI
and NheI fragment derived from pDrive IR-GFP). The
IR-GFP construct was first assembled in pDrive: the intron
from Solanum tuberosum PsbO gene (cDNA GeneBank
no. X17578.1) including approximately 20 bp from exons
on both sides was AT-cloned into pDrive (in SacI-KpnI
orientation). The intron sequence placed inside the
inverted repeats was demonstrated to enhance the effi-
ciency of silencing likely via facilitating dsRNA formation
[29]. IR1-GFP was inserted first between XhoI and SalI,
then IR2-GFP was inserted between PstI and BamHI; the
whole IR-GFP construct was then cloned between XhoI
and BcuI in pER8. The IR-GFP-ΔP1 control was created
by cloning the IR-GFP construct between SalI and BcuI in
pER8 (SalI cleaves at the beginning of the inducible pro-
moter). The IR-GFP-ΔP2 control was created by cloning
the IR-GFP construct in pGreen 0129 between SacI and
KpnI. All cloning experiments were completed using en-
zymes from Fermentas (Thermo Fisher Scientific) and
Escherichia coli strain JM109. The resulting T-DNAs were
confirmed by restriction and sequencing (Fig. 1).
Plant material
Tobacco cell line BY-2 (Nicotiana tabacum L. cv. Bright
Yellow 2) [15] was obtained from Prof. Zdeněk Opatrný,
who had cultivated the line for more than 20 years. BY-2
calli were cultivated on agar plates (0.8 w/v agar; 6 cm
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diameter plates) with modified MS medium [30]. The
calli were subcultured monthly. Suspension cell cultures
were subcultured every seventh day (1 ml of cells into
30 ml of liquid media). The cultures were kept in dark-
ness at 26 °C; suspensions were placed on the orbital
shaker IKA KS501 at 110 rpm (IKA Labortechnik, Stau-
fen, Germany; orbital diameter 30 mm).
Transformations of BY-2 suspension cells were carried
out as described previously [24] using Agrobacterium
tumefaciens strain C58C1 carrying a helper plasmid
pGV2260 [31] and appropriate binary vector (see above).
After cocultivation with agrobacterium, the cells were
plated on solidified medium containing 25 μg/ml hygro-
mycin and 100 μg/ml cefotaxim and cultured for
3 weeks. Using this procedure, individual transformed
cells form isolated macroscopic cell clusters (commonly
called calli) that can be mostly regarded as genetically
homogeneous clones [24].
The promoter from the pER8 plasmid was induced by
cultivating the calli on media with addition of 2 μM
β-estradiol (from Sigma-Aldrich Cat. No. E2758). The
β-estradiol was stored as 20 mM solution in DMSO,
therefore, a corresponding amount of DMSO was added
to the cultivation medium of the controls.
Arabidopsis thaliana (Col-0) plants were grown in Jiffy
soil pellets under long-day conditions with illumination
of 100 μm m− 2 s− 1 photosynthetically active radiation
(OSRAM L 58 W/930).
Measurement and analysis of fluorescence level
The BY-2 calli grown after transformation (see above)
were transferred to new plates with 100 μg/ml cefo-
taxim (20 calli per plate) and cultivated for approxi-
mately 8 days. 200 calli (each representing different
transgenic event) were used for each of the variants.
Each plate was photo-documented separately using
G:BOX (SynGene, Cambridge, UK) with blue excitation
light (LED diodes with maximum at λ = 465 nm) and
green emission filter (FILT525/GX; 510–540 nm). The
images were processed using software NIS-Elements
3.10 (Laboratory Imaging, Prague, CZ). The average
light intensity was measured for all the pixels from each
callus. These data were statistically analyzed using R
3.1.2 and Pearson’s chi-square test. The threshold for
fluorescent and non-florescent calli was set as the high-
est fluorescence intensity measured for wild-type BY-2
callus (these were used as controls cultivated alongside
the transgenic calli).
pER8-AS-GFP
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Fig. 1 Schematic representation of T-DNAs used in this study. Functional elements, positions of primers used for reverse transcription and qPCR,
position of a probe and restriction enzyme sites used for Southern hybridization are shown above and below the appropriate sequences. pCP60-
GFP: construct for expression of GFP under the constitutive promoter. pER8: a set of T-DNAs used for the inducible expression: pER8-AS-GFP:
sequence of GFP in antisense orientation; pER8-UT-GFP: sequence of GFP without terminator; pER8-IR-GFP: sequence of GFP arranged as inverted
repeat; pER8-IR-PIN3: sequence of PIN3 gene arranged as inverted repeat; pER8-GFP: sense GFP. The pER8-IR-GFPΔP1 and pGreen-IR-GFPΔP2 are the
two promoterless controls with GFP sequence arranged as inverted repeat. RB: right border, LB: left border, PNOS: nopaline synthase promoter, P35S:
35S promoter, PG10–90: synthetic constitutive promoter; PIND: inducible promoter activated by β-estradiol; TNOS: nopaline synthase terminator; TE9:
rbcS E9 terminator; T3A: rbcs S 3A terminator; XVE: estrogen receptor and transcriptional activator; NPTII: kanamycin resistance gene; HPT:
hygromycin resistance gene; GFP: green fluorescent protein coding sequence; intron: intron from Solanum tuberosum PsbO gene; LacZ: fragment
of bacterial β–galactosidase gene. All T-DNAs are at the same scale as indicated with 1kbp scale bar
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Transcription analysis
RNA was isolated from 100 mg of 10 to 18 days old calli
(in the same experiment the calli were always in the
same age) or from 50 mg of siliques of 40 days old Ara-
bidopsis thaliana plants (younger siliques were selected
– less than 10 days old, to ensure high proportion of
dividing cells in the tissue) using NucleoSpin® RNA Plant
kit (MACHEREY-NAGEL, Düren, DE). The procedure
was performed according to manufacturer’s instructions
including the on-column DNA digestion. The RNA was
measured on NanoDrop 2000 (Thermo Fisher Scientific)
to assess the concentration of the samples and to ex-
clude contamination of the RNA by impurities. The in-
tegrity of the RNA was checked by gel electrophoresis
using the “bleach gel” method [32]. For cDNA prepar-
ation, 1 μg of the total RNA was again treated with
DNase I and half of the reaction mixture was then used
as template for RevertAid Reverse Transcriptase (Fer-
mentas, Thermo Fisher Scientific). The other half was
exposed to the same treatment, but without adding the
Reverse Transcriptase – this served as a control to check
for DNA contamination. The final cDNA was diluted
into the volume of 50 μl. Either oligo(dT) or specific
primers were used for the cDNA synthesis. Some of the
specific primers were designed to allow for distinction
between sense and antisense transcripts and spliced and
unspliced molecules (Additional file 1).
The quantification itself was done by qPCR, using Light-
Cycler 480 (Roche) and iQ™ SYBR® Green Supermix
(BioRad, Hercules, CA, USA). All the experiments were
done while keeping the general qPCR guidelines in mind
[33]. Reactions were completed in 10 μl volume, using
1 μl of cDNA as a template; all reactions were done in
triplicate. The specificity of the PCR was verified by melt-
ing curve analysis (using the LightCycler 480 software)
and also by checking randomly selected samples using gel
electrophoresis. For each set of primers, there was appro-
priate negative control (WT and/or dH2O). The PCR effi-
ciency for each amplicon and the Cq values for each
sample were calculated using the software LinRegPCR
2015.3 [34]. The values for triplicates were averaged after
correction for PCR efficiency. Samples in the triplicate
with no amplification or only unspecific products were
counted as zeroes; the samples with the majority of unspe-
cific product was treated as one order of magnitude
smaller (unspecific products appeared only for samples
with high Cq values, over 30). Calculated concentrations
were normalized to the expression of NtEF1α, so all the
presented values show the relative level of given transcript
to the level of NtEF1α. Results were then statistically com-
pared using R 3.1.2 and Welch’s t-test. Positions of
primers used for qPCR are indicated in Fig. 1 and their se-
quences listed in Additional file 1. Some primer sequences
were taken over from previous studies [35, 36].
The BY-2 calli for transcriptional analysis were se-
lected randomly from groups of silenced and
non-silenced calli based on the presence or absence of
GFP fluorescence. In case of transformants carrying
sense GFP (GFP sequence in pER8 XVE inducible sys-
tem), the BY-2 calli and Arabidopsis lines were randomly
selected from those that were able to induce GFP ex-
pression when grown on the induction medium supple-
mented with β-estradiol.
Southern blot analysis
The Southern blot hybridization was done as described
previously [37] with the following modifications: The
DNA was isolated from 150 mg (FW) of BY-2 calli.
20 μg of genomic DNA per sample was separately
digested by enzymes NsiI and AseI (New England Bio-
labs). The probe was prepared as a fragment of HPT
gene using PCR with primers HPT_probe_F and
HPT_probe_R (Additional file 1).
The Southern blot was interpreted as follows: tandem
T-DNA inserted as direct repeat should give 6.8 kbp
fragment with both NsiI and AseI, plus one fragment of
unknown size for NsiI and AseI; head-to-head inverted
repeat should give 7.3 kbp fragment when digested with
NsiI and two fragments of unknown size when digested
with AseI; tail-to-tail inverted repeat should give 9.6 kbp
fragment when digested with AseI and two fragments of
unknown size when digested with NsiI.
Results
Fluorescence in calli transformed with various GFP
silencer constructs
To study various aspects of RNAi, we prepared three differ-
ent silencer T-DNAs based on the XVE inducible system
[26]. Specifically, the silencing should have been achieved
through production of i) antisense RNA (AS-GFP), ii)
non-polyadenylated sense RNA (GFP without any termin-
ator; UT-GFP) and iii) hairpin RNA (inverted repeat with
an intron separating the antisense and sense GFP fragment;
IR-GFP). These T-DNAs were expected to trigger posttran-
scriptional silencing of the reporter GFP gene only under
induction with β-estradiol. As a control, we also prepared a
construct with inducible GFP in sense orientation and
ended with terminator (GFP; Fig. 1).
A selected BY-2 cell line that has been stably expressing
GFP (driven by 35S promoter) for more than 8 years [24]
was separately supertransformed with each T-DNA. We
then analyzed GFP fluorescence in individual calli grown
after the transformation - each representing independent
transformation event (see Methods for details). On the con-
trol medium, where the calli were not exposed to
β-estradiol, we expected similar fluorescence in all popula-
tions (hundreds of calli) carrying various silencers. How-
ever, we observed that IR-GFP population had strikingly
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lower frequency of calli with detectable GFP fluorescence
compared to the other silencer and control T-DNAs (Fig. 2).
All the differences between frequencies of GFP-positive
calli in the IR-GFP population and those with other con-
structs were statistically significant (p < 10− 40). It should
also be noted that some of the smaller differences between
the variants were found significant as well: the UT-GFP
variant compared to EV and GFP (p < 10− 6).
Since the calli grew on the medium without β-estradiol,
the observed unexpectedly high proportion (over 65%) of
spontaneously silenced IR-GFP calli prompted us to study
this phenomenon further. Although XVE inducible system
is considered to be reliable with very low leakiness of the
inducible promoter [26], we had to exclude this possibility.
We prepared two additional controls; i) we removed the
inducible promoter from the pER8 vector (IR-GFPΔP1)
and ii) we cloned the promoterless IR-GFP into the empty
pGreen vector (IR-GFPΔP2). After transformation to BY-2
cells, the number of spontaneously silenced independent
calli was virtually the same as with the original IR-GFP
T-DNA (Fig. 2, columns 5 and 6; the differences between
the IR variants were not statistically significant), indicating
that the silencing was independent of the presence of the
inducible promoter and the T-DNA context.
To exclude the possibility that the transcription was
initiated from elements that might be common for
both T-DNAs, we compared their sequences. We
found two homologous regions: i) the HPT expression
cassette, which, however, differed between the two
T-DNAs in its orientation relative to the IR-GFP se-
quence (Fig. 1) and ii) a short 156-nt fragment of
bacterial β–galactosidase gene (LacZ) that was down-
stream of the IR-GFP in both T-DNAs. No promoter
regulatory elements were predicted within this se-
quence by TSSP software (http://linux1.softberry.com).
Transcription and splicing of IR-GFP
Transcription analysis was done in five non-silenced
and five silenced calli that were randomly selected from
populations with and without detectable GFP fluores-
cence. The results showed that the levels of GFP tran-
scripts roughly matched the GFP fluorescence
intensities, with the lowest transcription being detected
in the silenced calli (Fig. 3a and b). To see whether the
silencing correlated with transcription of the IR-GFP,
we generated cDNAs using primers specific for the
GFP hairpin transcribed in both the sense and antisense
orientation (the “sense” and “antisense” transcripts were
relative to the intron separating the GFP sequences in
the IR-GFP). Transcript levels were analyzed using
qPCR (Fig. 3b-h) with primers designed to allow separ-
ate quantification of i) spliced transcripts, ii) unspliced
transcripts and iii) intron-containing molecules (i.e.
nascent transcripts and spliced introns; Fig. 1). The
IR-GFP transcripts were detected in all the spontan-
eously silenced calli at levels even higher than in the
callus, where the IR-GFP transcription was induced
with β-estradiol. In contrast, almost undetectable levels
(three to four orders of magnitude lower) were found
in all non-silenced calli with detectable GFP fluores-
cence (Fig. 3a and c, for the comparison of averaged
relative transcript levels and their statistical comparison
see Additional file 2). Surprisingly, in three of the five
silenced calli, the IR-GFP was clearly transcribed also in
the “antisense” direction (from the terminator towards
the promoter), although at lower levels than it was



















Fig. 2 Frequency of spontaneous silencing of GFP in supertransformed BY-2 calli. Silencer and control T-DNAs (as described in Fig. 1) were
supertransformed to BY-2 cell line stably expressing GFP. The fluorescence was assessed in independently transformed calli grown on non-
inductive medium six weeks after transformation. The bars represent the percentage of fluorescent non-silenced calli (the lower part of the bar)
and silenced calli (the upper part of the bar). The variants AS-GFP and UT-GFP represent averages of three biological replicas and the variants GFP
and IR-GFP represent averages of four biological replicas (independent transformations). Each replica had 200 calli (with exception of EV with 160
calli). Variants that significantly differed from the EV control are marked with ** (p < 10− 6). ΔP1: pER8-IR-GFPΔP1; ΔP2: pGreen-IR-GFPΔP2; EV:
empty vector pER8
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transcribed in the “sense” orientation. There was no
impact of β-estradiol treatment on the hairpin tran-
scription in the antisense orientation in the control line
(Fig. 3d).
The results obtained from detecting the intron se-
quence were similar to those obtained from detecting
the unspliced transcript (PCR product spanning the
exon-intron boundary), this was also true for the anti-
sense direction (Fig. 3e and f ). Such results could in-
dicate either fast degradation of the spliced intron or
that the intron was not spliced at all. To see if the
splicing actually took place, we ran qPCR over the
supposed exon-exon boundary. Using the “sense”
cDNA, we were indeed able to amplify the specific
product corresponding to the spliced hairpin RNA in
the silenced calli at similar levels in both the spon-
taneously silenced calli and in the estradiol-induced
control. The ratio of spliced/unspliced transcripts was
between 0.7 and 2.1% for the spontaneously tran-
scribed lines and 2.1% for the estradiol-induced con-
trol. It suggested that at least some of the IR-GFP
transcripts were spliced correctly in the spontaneously







Fig. 3 Analysis of selected BY-2 calli supertransformed with pER8-IR-GFP. RT-qPCR analysis of IR-GFP transcript levels in five randomly selected
spontaneously silenced calli (marked from − 1 to − 5) and five non-silenced calli (marked from + 1 to + 5) and one additional non-silenced callus
grown on the induction medium with β-estradiol (marked as “e”) and on the control medium with DMSO (marked as “d”). Each callus
represented independent transformation event. a Fluorescence of analyzed calli (in arbitrary units), signals below 4000 represent the background;
b the level of the sense GFP transcript (RT: oligo dT primer, qPCR: F1 and R1 primers); c the level of transcripts with the sense intron of IR-GFP
(representing both the unspliced transcript and the spliced intron; RT: R5 primer, qPCR: F5 and R5 primers); d the level of transcripts with the
antisense intron of IR-GFP (RT: F5 primer, qPCR: F5 and R5 primers); e the level of the sense IR-GFP unspliced transcript (RT: R5 primer, qPCR: F4
and R5 primers); f the level of the antisense IR-GFP unspliced transcript (RT: F5 primer, qPCR: F5 and R4 primers); g the level of the sense spliced
transcript (RT: R6 primer, qPCR: F6 and R6 primers)
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Spontaneous transcription of IR-PIN3 and sense GFP
The spontaneous transcription and subsequent silencing
could be specific for our IR-GFP construct or it could
represent more general phenomenon. Therefore, we
tested the occurrence of spontaneous transcription of
another inverted repeat construct, IR-PIN3 prepared
from a fragment of tobacco PIN3 gene placed in the
pER8 plasmid (NtPIN3bT; kindly provided by Jan Petrá-
šek) that we used to transform wild-type BY-2 cells. We
analyzed the expression of the native PIN3 gene and the
PIN3 hairpin in 11 randomly selected independent calli
using RT-qPCR. We observed expression of the PIN3
hairpin in the majority of analyzed calli. The relative
transcription levels seemed to be somewhat lower (from
2 to 20 times lower) compared to the GFP hairpin in the
IR-GFP silenced calli (Fig. 4a-c, for the comparison of
averaged relative transcript levels see Additional file 2).
However, the comparison was based on the amplification
of the intron sequence, so the real transcription levels of
the two hairpins could differ due to various efficacy of
their splicing. The IR-PIN3 transcription did not cause
strong silencing of PIN3 in contrast to the situation with
IR-GFP and GFP. Only a weak decrease in PIN3 expres-
sion could be observed in some calli with the highest
level of the PIN3 hairpin (see Fig. 4a and b). However,
the averaged IR-PIN3 transcript levels did not signifi-
cantly differ between calli with higher and lower PIN3
transcription (Additional file 2).
To assess if the observed high frequency of spontan-
eous transcription was specifically connected with
inverted repeat arrangement of introduced transgenes or
if it was more general phenomenon in our experimental
system, we analyzed T-DNA transcription in lines carry-
ing sense GFP in pER8 XVE inducible system (Fig. 1).
After transformation into wild-type BY-2 cell line, there
were no calli with detectable GFP fluorescence that
would indicate spontaneous transcription connected
with subsequent translation into functional GFP protein
without β-estradiol treatment. However, RT-qPCR ana-
lysis showed that, at the transcriptional level, the sense
GFP construct behaved similarly to the inverted repeats.
The transcription was detected in all five calli and in
both sense and antisense directions. The relative tran-
script levels were similar to those described for the
A
B
Fig. 4 Transcription analysis of selected BY-2 calli transformed with pER8-IR-PIN3. RT-qPCR analysis of transcript levels in eleven randomly selected
calli and an untransformed BY-2 callus as a control. a The level of the PIN3 mRNA (RT: oligo dT primer, qPCR: PIN3_F and PIN3_R primers); b the
level of the sense intron of the IR-PIN3 (representing both the unspliced transcript and the spliced intron; RT: R5 primer, qPCR: F5 and R5 primers)
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hairpins (Fig. 3c-f, Fig. 5a and c, Additional file 2). This
showed that the transcription was not connected with
the inverted-repeat character of the sequence present in
the T-DNA.
To better understand the nature of the spontaneous tran-
scription, we tried to identify the transcription start site by
5’RACE, but the attempts failed despite intensive
optimization. Therefore, we investigated whether the tran-
script originated within or outside the transcription unit in
pER8 T-DNA. For this purpose, we used a primer that
matched to the region 50 nt upstream of the transcription
start site (TSS) for the sense transcript and a primer match-
ing to the 3A terminator region 50 nt downstream of the
last predicted poly(A) signal for the antisense transcript (as
predicted by PASPA software: http://bmi.xmu.edu.cn/
paspa/index.html; [38]). We detected transcripts from both
regions and their levels in individual calli correlated with
previously detected transcripts of the GFP gene. This sug-
gested that the spontaneous transcription originated (at
least partially) outside of the transcription unit in pER8
T-DNA. The nearest ATG is 99 bp upstream from the
proper ATG, so transcripts originating from this 99-bp long
region could be theoretically translated into the proper
GFP protein, but we have never detected GFP fluorescence
in such lines, which indicated TSS being more upstream.
Thus, we tried to roughly localize the position of TSS
within the T-DNA. We designed a set of forward primers
along the T-DNA for amplification from cDNA prepared
with a reverse primer specific to the GFP sequence. Surpris-
ingly, we obtained products even with the most upstream
primer located near the border sequence and preceding any
promoter present in the T-DNA (Fig. 6). This PCR product
A C
B D
Fig. 5 Transcription of GFP gene in selected BY-2 calli transformed with pER8-GFP. RT-qPCR analysis of transcript levels in five selected independent
calli grown on the medium without β-estradiol. a The level of the sense GFP transcript (RT: R1 primer, qPCR: F1 and R1 primers); b the level of the
sense transcript containing the region 50 nt upstream of transcription start site (TSS) of the inducible promoter (RT: R1 primer, qPCR: F2 and R2
primers); c the level of the antisense GFP transcript (RT: F1 primer, qPCR: F1 and R1 primers); d the level of the antisense transcript containing the
region 50 nt downstream of the last poly(A) signal of T3A terminator (RT: F1 primer, qPCR: F3 and R3 primers)
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was more than 4 kbp long and included two upstream tran-
scription units for the XVE receptor and the HPT gene.
Thus the transcription was able to overcome two transcrip-
tion terminators (Fig. 1).
Determination of T-DNA copy number and arrangement
To better understand potential reasons of this transcrip-
tion, we estimated copy number and arrangement of
T-DNAs by Southern hybridization in three silenced and
three non-silenced lines (selected according to the data in
Fig. 3). The results indicated that the read-through tran-
scription and spontaneous silencing might be connected
with higher T-DNA copy number (Additional file 3); 1 to
3 copies were detected in non-silenced lines and 3 to ap-
proximately 8 copies in silenced lines. Further analyzes of
the size and number of hybridizing bands in individual
lines suggested that T-DNA arrangements allowing
read-through transcription from one T-DNA to another,
i.e. direct T-DNA repeats and inverted tail-to-tail repeats,
were not present in lines − 1 and + 2. In the other four
lines the situation was not clear due to multiple insertions
(− 3, − 4, + 3) or the presence of truncated copies (− 4, +
1), but theoretically direct repeat could be present in lines
− 3 and − 4 and tail-to-tail repeat in line − 4 and + 3.
Spontaneous transcription in Arabidopsis thaliana
To assess wider significance of our observation we ana-
lyzed the transcription in a different model organism –
Arabidopsis thaliana plants carrying the same T-DNA
with sense GFP in pER8 XVE inducible system. We ran-
domly selected five transformants as before. RNA was
isolated from immature siliques of plants grown in soil
without any exposure to β-estradiol. As in the experi-
ment with BY-2 cell line, we analyzed the GFP transcrip-
tion in both the sense and antisense directions and also
the transcripts from the regions spanning the canonical
transcription start site and the poly(A) signal. We were
able to detect transcripts in the sense direction from
both the GFP sequence and from the region spanning
the TSS and in the antisense direction from the GFP re-
gion (Fig. 7a-c). However transcription was detected in
only one transformed line at the level comparable to the
BY-2 callus with the lowest transcript level. The tran-
scripts in the antisense direction over the poly(A) signal
were almost undetectable (Fig. 7d). Transcription in
leaves was somewhat lower (Additional file 4) than in
immature siliques, which have higher proportion of ac-
tively dividing cells (similarly to the BY-2 cell line).
Discussion
GFP silencing was connected with spontaneous
transcription of IR-GFP T-DNA
This study was prompted by observation of massive GFP si-
lencing occurring after the introduction of IR-GFP con-
struct into BY-2 cells with stable expression of GFP. Such
observation was surprising because the IR-GFP was con-
trolled by XVE system that is considered to be one of the
most reliable, i.e. the least suffering from leaky transcription
[25, 26]. Although it is rare in the XVE system, there are re-
ports showing that leaky expression can occur [39, 40]. To
exclude this possibility, we employed additional controls;
two IR-GFP constructs without the presence of the indu-
cible (or any other) promoter. The results were identical in
both cases (Fig. 2), clearly showing that the silencing did
not occur as a result of the inducible promoter leakiness.
The observed silencing of the GFP clearly correlated
with transcription of the IR-GFP, suggesting that silen-
cing occurred as a result of this transcription at the post-
transcriptional level (Fig. 3). By testing PIN3 inverted




Fig. 6 Read-throught transcripts of the pER8 T-DNA in selected BY-2 calli transformed with pER8-GFP. Semiquantitative RT-PCR analysis of
transcript levels in five independent calli untreated with β-estradiol (the same calli as in Fig. 5). cDNA was prepared using R1 primer. a The level
of the EF1α transcript (internal standard); b the level of read-through (r.-t.) pER8 T-DNA transcript (F7 and R2 primers); c amplification of RNA
samples that were not treated with reverse transcriptase to ensure that there was no DNA contamination
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sequence itself was the cause of the spontaneous tran-
scription. The IR-PIN3 was also clearly transcribed in
vast majority of analyzed calli, although we did not ob-
serve strong PIN3 silencing as in the case of GFP (Fig.
4). Repeat regions are often targets of silencing [13, 41],
so we asked whether the repetitive nature of our silen-
cing inducers (IR-GFP and IR-PIN3) could be the reason
for why they were spontaneously transcribed. But
RT-qPCR analysis showed that single sense GFP gene
was transcribed at similar frequency and level in BY-2
calli, so we assumed that neither the repeat structure of
the sequence was necessary for the spontaneous tran-
scription (Fig. 5). Since equal frequency of GFP silencing
was observed with two different T-DNAs carrying the
IR-GFP, we could conclude that the spontaneous tran-
scription was unlikely connected with any regulatory ele-
ments present within the T-DNAs.
Expression of endogenous PIN3 was more resistant
against silencing induced by spontaneous transcription of
IR-PIN3
Unlike IR-GFP, spontaneous transcription of IR-PIN3 re-
sulted in only small decrease or unaffected level of PIN3
mRNA (Fig. 4 and Additional file 2). The level of IR-PIN3
transcription was somewhat lower than the transcription
of IR-GFP, but the lowest transcript level of IR-GFP able
to silence GFP expression was lower than the highest tran-
script level of IR-PIN3 that was not able to silence PIN3
expression (Figs. 3 and 4). The IR-PIN3 transcript could
be theoretically less efficient in forming dsRNA and pro-
ducing siRNAs. However, after treatment with β-estradiol,
the same construct worked as an effective inducer of silen-
cing (Jan Petrášek, personal communication). An alterna-
tive explanation is that the difference was related to the
higher sensitivity of artificially introduced GFP transgene
A C
B D
Fig. 7 Transcription of GFP gene in siliques of selected Arabidopsis thaliana transformants with pER8-GFP. RT-qPCR analysis of transcript levels in
five selected plants untreated with β-estradiol. a The level of the sense GFP transcript (RT: R1 primer, qPCR: F1 and R1 primers); b the level of the
sense transcript containing the region 50 nt upstream of transcription start site (TSS) of the inducible promoter (RT: R1 primer, qPCR: F2 and R2
primers); c the level of the antisense GFP transcript (RT: F1 primer, qPCR: F1 and R1 primers); d the level of the antisense transcript containing the
region 50 nt downstream of the last poly(A) signal of T3A terminator (RT: F1 primer, qPCR: F3 and R3 primers)
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to silencing. This could be connected with the absence of
introns in the GFP gene. The presence of an intron and its
splicing can suppress production of secondary siRNAs
that might be necessary to amplify silencing when the
transcript level of the inducer is low [42–44].
Pol II was involved in the spontaneous transcription
Plant specific RNA Polymerases IV and V provide
wide-spread transcription of genomic DNA important for
de novo DNA methylation and maintenance of hetero-
chromatin [45–47]. The transcripts we detected thus may
originate from these polymerases. However, the size of the
transcripts we detected exceeded the size typical for Pol IV
and V transcripts, i.e. tens of nt long up to few hundreds
nt respectively [48, 49]. Moreover, at least some transcripts
in the sense direction were spliced (Fig. 3g), which is typ-
ical for Pol II transcription. The ratio between the spliced
and unspliced transcripts was similar in calli with spontan-
eous transcription and in estradiol-induced control line,
where transcription was fully done by Pol II (compare col-
umns e in Fig. 3c and g). The very low levels of spliced
transcripts likely resulted from instant processing by the
DCLs [13]. Amplification of transcripts from cDNA sam-
ples prepared by reverse transcription with oligo dT
primers further indicates that at least a portion of the tran-
scripts were polyadenylated (Additional file 5). Although
we cannot exclude the possibility that other polymerases
contributed to the spontaneous transcription, Pol II surely
participated, because splicing and the presence of a polyA
tail are characteristic features for its transcription.
Pervasive character of spontaneous transcription was
possibly connected with specific chromatin state of some
T-DNAs
The level of the spontaneous transcription strongly dif-
fered between independently transformed lines carrying
the same T-DNA, indicating that the spontaneous tran-
scription was not general, but rather specific to certain
insertion events/loci.
Our attempts to find the transcription start site indi-
cated that it was located outside of the T-DNA. It was
previously demonstrated that transcripts originating
from adjacent genomic regions could read-through
across the border regions of T-DNA inserts and affect
expression of transgenes present near the border se-
quence [50, 51]. Such transcription can also originate
from a neighboring T-DNA. For this to occur in our sys-
tem, the T-DNAs would have to be arranged either as
tandem direct repeats or as tail-to-tail inverted repeats.
But, it seems unlikely, that two thirds of transformed
lines would contain such T-DNA arrangement and also
our Southern hybridization did not indicate increased
presence of such arrangements among the silenced lines.
Therefore, we hypothesize that it was just the higher
T-DNA copy number detected in silenced lines, which
increased the probability that at least one T-DNA copy
was inserted in a genomic region supporting the spon-
taneous transcription.
In the case of sense transcripts spanning the pER8
T-DNA, the polymerase was able to run across two ter-
minators, yet the frequency of spontaneous transcription
(silencing) was the same as in the case of the pGreen
T-DNA, where IR-GFP was located near the border se-
quence. It should be also noted that the spontaneous
transcriptional activity was often bidirectional, and that
there was a correlation between the sense and antisense
transcription levels in many calli. Based on these obser-
vations, we hypothesize that the spontaneous transcrip-
tion was connected with specific chromatin state in
some T-DNA insertion loci.
Our previous study indicated that the establishment of
epigenetic marks can be accidental and at least in some
cases independent of the chromosomal environment,
since different epigenetic states could be established in
the same insertion locus [24]. T-DNAs, when being
inserted into the chromosome, are likely free of any epi-
genetic marks; as such, the formation of new marks may
either reflect the chromatin state in the insertion locus
or the new chromatin may be labelled with marks spe-
cific for new DNA insertions. This could make it prone
to basal transcription by polymerase II that can some-
how ignore terminators, thus forming long transcripts,
irrespective of canonical transcription units present in
the sequence. It is known, that facultative termination of
long non-coding RNAs (lnRNAs) can be involved in
regulation of gene expression and silencing [52–54] and
that the chromatin state does have an effect on tran-
scription termination [55]. More specifically, it was dem-
onstrated that IBM2 allows Pol II to read-through
silenced transposable elements inserted in introns of
genes [56] and recent report showed that similar mech-
anism can also work for T-DNAs in introns of genes
[57]. So we hypothesize that this long read-through tran-
scription of newly integrated T-DNAs could be a compo-
nent of genomic safety mechanisms evolved to allow
silencing of newly integrated invasive DNAs (like trans-
posable elements, TE). Such long polymerase II tran-
scripts could be recognized by ubiquitous TEs-derived
hc-siRNAs to initiate their silencing. Being an internal
part of long transcript, there would be a little risk of
translation of the TE transcript into executive proteins
that would activate their replication/transposition.
Read-through transcription of inserted T-DNAs might be a
more general phenomenon
The important question is how widespread and how sig-
nificant this phenomenon can be. We tested three types
of gene constructs (IR-GFP, IR-PIN3 and GFP) within
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two different T-DNAs (pER8 and pGreen) using two dif-
ferent model organisms (BY-2 tobacco cell line and Ara-
bidopsis thaliana plants). The results with various
T-DNAs in BY-2 tobacco cell line were highly consistent,
showing high frequency of read-through transcription
and relatively high transcript levels. Additional analysis
done with one T-DNA in Arabidopsis thaliana slightly
differed, showing lower levels of transcription and lower
occurrence among analyzed transformed plants. This
could be connected with the physiological state of cells
used for analyses (cell line vs. intact plant tissues) or dif-
ferent transcriptional regulation in species with dissimi-
lar genome size (tobacco vs. Arabidopsis thaliana).
We also searched previous studies, which used inducible
systems in plants to find further support for our observa-
tion. But most of the studies did not report the levels of
RNA and if yes, then it is unclear if the transcript was not
detected due to its absence or because it was below the
detection limit. For example, Dohi et al. [23] did not de-
tect any transcripts from the uninduced XVE system in
BY-2 cell lines using Northern blot with DIG-labeled
probes, but neither we were able to detect this transcrip-
tion using the same detection method (data not shown),
yet the RT-qPCR method clearly confirmed presence of
these transcripts. In accord with our results, Kubo et al.
[58] also detected low levels of transcripts from uninduced
XVE system in Physcomitrella patens using RT-qPCR.
Additional strong support comes from early studies on si-
lencing that used promoterless constructs as controls; they
analyzed if silencing was caused by RNA or if it could be
mediated directly by DNA-DNA interaction [11, 51, 59–62];
these works were done in Petunia, tobacco, Arabidopsis
thaliana and Neurospora. Of the works mentioned above,
only Cogoni et al. [51] partially characterized the origin of
the transcripts causing the silencing in Neurospora crassa,
by showing that they likely originated outside of the trans-
gene. Whereas some studies did not observe silencing with
promoterless constructs [63, 64], several other studies in-
deed reported induction of silencing by constructs or
T-DNAs arranged as inverted repeats even without the pres-
ence of a promoter sequence [11, 59, 60]. All these old ob-
servations could be easily explained as read-through
pervasive transcription of inverted repeats that produced
hairpin RNAs.
Our data illustrate high incidence of pervasive
read-through transcription of T-DNAs in BY-2 cells. These
data are supported by very large numbers of analyzed in-
dependently transformed lines, 200 to 800 calli per each
variant. In plants, only Sijen et al. [60] previously showed
transcripts that likely originated from the silencer locus.
As such, our report provides a considerable contribution
to a more than fifteen years unsolved enigma, which has
been experimentally overlooked with exception of some
studies on DNAi [65]. We presume that the phenomenon
of read-through transcription of T-DNAs is general, but
specifically manifests only when working with IR, which
has high potential to effectively induce silencing [14]. In
contrast, low-level transcription of other constructs easily
passes unnoticed, as the long-range character of tran-
scripts disables translation into functional proteins that
could visibly affect the phenotype.
Conclusions
We observed unexpectedly high frequency of read-through
low-level transcription of several different T-DNAs in to-
bacco BY-2 cell lines and to some extent also in Arabidopsis
thaliana. We show that this transcription was at least par-
tially catalyzed by Pol II, which was able to read-through
two standard terminators. We speculate that this unusual
transcription was connected with establishment of specific
chromatin state in some T-DNA insertions. Such
read-through transcription could be for example a compo-
nent of a safety mechanism for recognition and silencing of
invasive DNA insertions. In the case of T-DNAs containing
IR-GFP, the spontaneous read-through transcription was suf-
ficient to initiate very efficient silencing of the GFP gene (in
trans) in the majority of analyzed BY-2 calli. From the prac-
tical view, it is important that the researchers using inducible
silencing systems should be aware of this phenomenon as it
can in some cases largely affect the obtained results.
Additional files
Additional file 1: List of primers used in this study. (XLS 13 kb)
Additional file 2: Comparison of mean transcript levels from the
analyzed T-DNAs. (A) Means of the IR transcript levels presented in Fig. 3
and Fig. 4. The means were calculated separately for the spontaneously
silenced independent calli (i.e. 5 biological replicates, marked -) and non-
silenced calli (marked +), one additional non-silenced callus grown on
the induction medium with β-estradiol (marked as “e”) and on the con-
trol medium with DMSO (marked as “d”) is presented alongside. For the
IR-PIN3, the category “spontaneously silenced calli” include half of the
calli with the lowest expression of PIN3 mRNA, the rest of the calli is part
of the “non-silenced calli” category. Note that the higher expression of IR-
PIN3 in the category “spontaneously silenced calli” is not statistically sig-
nificant. (B) Means of the transcript levels presented in Fig. 5. In all the ex-
periments, intron from the inverted repeat (for both IR-GFP and IR-PIN3) is
amplified with the same set of primers, so direct comparison of the tran-
script levels is possible. Also all the qPCR data are corrected for PCR effi-
ciency (see Methods), so approximate comparison of quantities for
different transcripts is also possible. The error bars represent standard de-
viations. (PDF 63 kb)
Additional file 3: Southern hybridization of total genomic DNA from
BY-2 calli transformed with pER8-IR-GFP. Silenced independent calli
marked with “-” and non-silenced calli marked with “+” (see Fig. 3). A
DIG-labelled probe of the HPT gene was hybridized with DNA cleaved by
NsiI (N) and AseI (A). T-DNA copy number was estimated as the number
of hybridizing bands. The presence of repeats was analyzed as follows:
tandem direct repeat should give 6.8 kbp fragment with both NsiI and
AseI, plus one fragment of unknown size for NsiI and AseI; head-to-head
inverted repeat should give 7.3 kbp fragment when digested with NsiI
and two fragments of unknown size when digested with AseI; tail-to-tail
inverted repeat should give 9.6 kbp fragment when digested with AseI
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and two fragments of unknown sizes when digested with NsiI. (PDF 341
kb)
Additional file 4: Transcription of GFP gene in leaves of selected
Arabidopsis thaliana transformants with pER8-GFP. RT-qPCR analysis of
transcript levels in five selected lines untreated with β-estradiol. (A) The
level of the sense GFP transcript; (B) the level of the sense transcript con-
taining the region 50 nt upstream of transcription start site (TSS) of the
inducible promoter; (C) the level of the antisense GFP transcript; (D) the
level of the antisense transcript containing the region 50 nt downstream
of the last poly(A) signal of T3A terminator. (PDF 39 kb)
Additional file 5: Detection on polyA-tailed GFP transcripts in selected
BY-2 calli transformed with pER8-GFP. Semiquantitative RT-PCR analysis of
transcript levels in five independent calli untreated with β-estradiol (the
same calli as in Fig. 5). cDNA was prepared using oligo dT primers. (A)
The level of the Actin transcript (internal standard); (B) the level of the
GFP transcript; (C) amplification of RNA samples that were not treated
with reverse transcriptase to ensure that there was no DNA contamin-
ation. (PDF 41 kb)
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Chapter 25
Plant Cell Lines in Cell Morphogenesis Research: From
Phenotyping to -Omics
Petr Klı́ma, Vojtěch Čermák, Miroslav Srba, Karel Müller, Jan Petrášek,
Josef Šonka, Lukáš Fischer, and Zdeněk Opatrný
Abstract
Here we provide an overview of procedures for long-term cultivation, phenotyping, genotyping, and
genetic transformation of cell cultures of tobacco cell lines BY-2 and VBI-0, and of A. thaliana, ecotype
Landsberg erecta (LE) cell line. Notably, we present an improved protocol for BY-2 transformation and
cloning and extend the available plant cell lines methodology toward high-throughput technologies like
fluorescent-based cell sorting and transcriptomics.
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1 Introduction
Plant cell lines represent a unique model for the study of the basic
processes of plant morphogenesis, that is, cell division, growth and
development, including intracellular functional and structural dif-
ferentiation, as well as shape changes of cells and their aggregates.
They allow for characterizing their changing phenotype simulta-
neously with a detailed biochemical and molecular analysis. The
results obtained can then be interpreted in the context of morpho-
genesis of the whole organism (for details see refs. 1, 2).
Our previous publication [3] presents a series of basic protocols
for working with two model tobacco cell lines, VBI-0 (established
in 1967; cf. refs. 4–6) and BY-2 [7], and one Arabidopsis model
line, ecotype Landsberg erecta (LE). Some procedures are then
elaborated on in our recently published methodological paper
[8]. Both these publications deal mainly with basic cell phenotyping
(preparation and cultivation of lines, determination of their growth
curves, detection of viability, and description of changes in the
micromorphology of cultures, especially in the context of cell
growth polarity and division).
Fatima Cvrčková and Viktor Žárský (eds.), Plant Cell Morphogenesis: Methods and Protocols, Methods in Molecular Biology,
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The paper by Seifertová et al. [3] also contains a transformation
protocol, the revised version of which makes part of this chapter. An
efficient and rapid preparation of transgenic cell lines allows to
study the function of inserted foreign genes and to use these
models for functional genomics. Such a strategy serves as an alter-
native to the very limited possibilities of establishing fast-growing,
friable and phenotypically stable cell cultures of other plant species.
While the biological causes for the many years of failure in their
derivation remain unclear (see ref. 2), our revised transformation
protocol for BY-2 may help to mitigate at least some of these
shortcomings.
Cell colonies obtained after transformation can be genetically or
epigenetically heterogeneous (especially when using CRISPR/CAS9
genome editing tool), which seriously complicates subsequent ana-
lyses. In addition, frequently, the expression of introduced genes is
spontaneously silenced in certain subpopulations of the transgenic
lines. Our simple method of cloning of individual transformed cells
allows for overcoming this complication [9].
Cell cultures also allow precise and simple quantification of
fluorescent signals in huge populations (tens of thousands) of
individual cells. The fluorescent signals can originate from fluores-
cent dyes (e.g., allowing to determine DNA content) or reflect the
level of GFP or other fluorescent proteins (e.g., allowing to study
gene silencing or sensing of auxin level with fluorescent proteins
controlled by the DR5 promoter).
Thanks to the above procedures performed under precisely
defined in vitro conditions, we can study the mechanisms of cellular
morphogenesis regulated by both the “intracellular” signals and
signals providing immediate or distant intercellular communica-
tion. The model system of cell lines characterized in detail
(de facto cell strains—see ref. 1) further represents a sensitive tool
to investigate the effect of various stress factors, xenobiotics, or
pathogens on a plant cell or organism.
Information on the genetic background of the studied models
usually significantly facilitates the mapping of the observed pheno-
typic changes to their molecular biological backing. Although
numerous profile conferences have already been organized in the
name of the BY-2 cell line and two monographs have been pub-
lished [10, 11], knowledge of the genome, transcriptome, and
proteome of BY-2 cell line remains largely incomplete to date. As
a contribution in this regard, we provide simple directions on how
to obtain transcriptomic data of BY-2 and VBI-0 cell lines using a
servicing company; then we suggest a pipeline to assess the data and
present a “reference” transcriptomic pattern of both cell cultures.
Altogether we believe that the advances in the omics field together
with the possibility of targeted modifications on purpose [12, 13]
can sustain the future relevance of the plant cell lines as unique
experimental models in plant biology and biotechnology-oriented
research.




1. BY-2 cell line (seeNote 1),Agrobacterium tumefaciens (strains,
e.g., C58C1, GV2260, LBA115, or others) carrying a binary
vector of interest.
2. YEB medium for Agrobacterium tumefaciens cultivation [14].
3. 20 mM acetosyringone (1000 stock in ethanol).
4. Three 100 ml Erlenmeyer flasks with 30 ml sterile liquid MS
medium modified for BY-2 cell culture according to ref. 7.
5. Selection plates: 6 cm plastic petri dishes with agar solidified
MS medium (see above), supplemented with selection antibio-
tics or herbicide and 100 mg/l cefotaxime (from 1000 aque-
ous stock). Each petri dish is filled with 11–13 ml of selection
medium; about ten petri dishes is recommended for every
transformation variant.
6. Sterile cell filtration set (e.g., Nalgene “Filter Holder with
Receiver”, or any similar instrument) equipped with 20 μm
nylon mesh filter for washing out Agrobacterium cells after
cocultivation.




1. Wild type (WT) and antibiotic/herbicide-resistant transgenic
BY-2 cell lines.
2. Horizontal shaker, laminar hood.




1. BY-2 cell line (expressing fluorescent protein gene or labeled
with a fluorescent dye).
2. Horizontal shaker.
3. Centrifuge.
4. BD LSR II flow cytometer or other appropriate flow cytometer.
5. Enzyme solution: 0.5% (w/v) cellulase R-10 (Duchefa), 0.1%
(w/v) pectolyase Y-23 (Duchefa), and 0.45 M mannitol
(Sigma-Aldrich; see Note 2).
6. MS medium with 0.4 M sucrose. This medium can be prepared
by adding 1.07 g of sucrose to 10 ml of the standard MS
medium for BY-2 cultivation.
2.4 For
Transcriptomics
1. BY-2 cell line from a particular phase of the subculture interval
or carrying a particular gene of interest or subjected to any
other condition of interest.
2. Horizontal shaker, laminar hood.
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3. Sterile cell filtration set (e.g., Nalgene “Filter Holder with
Receiver”, or any similar instrument) equipped with 20 μm
nylon mesh filter.
4. Common equipment for sterile tissue culture handling.
5. Mortar and pestle, liquid nitrogen.
6. RNA isolation kit.





According to our observation, the 3 days usually recommended for
cocultivation with Agrobacterium are very stressful for the tobacco
cells. Therefore, we shortened the cocultivation to just a single day
and supplemented the cocultivated cell mixture with fresh untrans-
formed (i.e., unstressed) BY-2 culture. This facilitates the trans-
formed cells to start rapid growth and contributes to the rescue of
transformed calli if the efficiency is very low, for example, due to a
problematic binary vector or a harmful transgene construct (see
Note 3).
1. Preparation of the cultures: (a) Inoculate a fresh single colony
of Agrobacterium tumefaciens into 20 ml of YEB medium
supplemented with appropriate selection antibiotics and culti-
vate overnight with shaking at 27–28 C to late exponential
(milky) stage; (b) Inoculate two 100 ml Erlenmeyer flasks
containing 30 ml of sterile MS medium with 10 ml inoculum
of 4- to 5-day-old BY-2 culture or 6 ml inoculum of 6- to
10-day-old culture. Cultivate under standard cultivation con-
ditions overnight.
2. Cocultivation: (a) Add 40 μl of acetosyringone to one flask of
BY-2 culture and pipet the culture up and down 20 times
through 10 ml uncut pipette tip (diameter of the tip hole
about 1 mm) in order to cause mechanical wounding to the
tobacco cells (see Note 4). (b) Add 600 μl of A. tumefaciens
suspension to 6 ml of BY-2 culture. Pipet 2 ml aliquots of the
mixed culture into separate sterile 6 cm petri dishes and cocul-
tivate for another 24–30 h in darkness at 27 C without
shaking.
3. Washing the culture: (a) Dilute the second unused flask of BY-2
culture (from step 1) by adding 30 ml of fresh sterile MS
medium and 65 μl of cefotaxime; (b) Collect the cocultivation
mix by 10 ml pipette from petri dishes and wash 2–3 times by
diluting in 50 ml of 3% sucrose and subsequent filtering in
order to reduce A. tumefaciens density; (c) Resuspend the
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washed filtered cells in 12 ml of the diluted untransformed
BY-2 culture prepared in (a).
4. Selection: Transfer the washed and diluted culture into 6 cm
petri dishes with solid selection media in two different volume
aliquots: 0.75 ml and 1.5 ml (e.g., 12 ml can be distributed as




1. Dilute 2 ml of each transgenic stationary suspension culture (see
Note 6) with 6 ml of fresh MS medium in a sterile tube.
2. Dilute 10 ml of WT stationary suspension culture with 30 ml of
fresh MS medium in a sterile tube.
3. Pipet 4 μl of diluted transgenic culture with widely cut tip into
4 ml of WT stationary suspension culture in a new tube
(1:1000 dilution). Mix by gently shaking.
4. Plate 0.5 ml of mixed cell culture onto a petri dish (; 6 cm)
with solidified MS medium containing standard concentration
of antibiotic (herbicide) used for selection.
5. Small calli representing clones of individual cells/cell files





1. Take up to 100 mg of cells from suspension culture or callus
(see Note 7) and place them into the 6-well cell culture plate
(see Note 8). Add 1.5 ml of the enzyme solution, place the
multiwell plate on an orbital shaker, and shake at 100 RPM for
2–3 h at 26 C (or room temperature).
2. Transfer the enzyme solution with protoplasts (seeNote 9) to a
2 ml microcentrifuge tube using a pipette with a cut tip.
Centrifuge at 200  g for 5 min (turn off the centrifuge
brake if possible). Discard the enzyme solution (see Note 2)
and gently resuspend the pellet in 600 μl of MS medium with
0.4 M sucrose.
3. Pipet 240 μl of the sample (see Note 10) to 96 multiwell plate
using a pipette with a cut tip and analyze the samples on LSR II
or other appropriate cytometer. The live protoplast population
can be easily distinguished on the SSC-FSC dot plot (Fig. 1a, b,
Note 11). At least 5000 live cells should be measured to get a
smooth histogram of protoplast fluorescence (Fig. 1b).
4. Analyze the data using appropriate software, for example, freely
available Flowing Software, which is reliable, user friendly and
able to process larger number of samples easily (see Note 12).
Output of such analyses can be for example average fluores-
cence of a cell or percentage of fluorescently positive cells
(in such cases it is necessary to measure WT BY-2 cells to
know the background fluorescence).
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3.4 Transcriptomics 1. RNA isolation: Collect up to 100 mg of suspension culture cells
and freeze them immediately in liquid nitrogen (see Note 13).
Homogenize the material in liquid nitrogen using mortar and
pestle (see Note 14) and isolate the total RNA (see Note 15).
Elute the RNA in RNase-, DNase-, and protease-free water or
Tris buffer. Remove contaminating DNA (see Note 16).
2. Confirm RNA quality, purity, and concentration by 0.8% aga-
rose gel electrophoresis, by measuring absorbance at 260 and
280 nm and by evaluation of the RNA Integrity (RIN) value on
Agilent 2100 Bioanalyzer (see Note 17).
3. Send the samples to servicing company (GATC-biotech/
Eurofins Genomics) where further sample processing (poly-A
containing mRNA purification, fragmentation and preparation
of strand-specific cDNA library) is performed. For simple
quantification of transcripts, at least 15 million of 50 bps long
single reads are desirable. Map the reads against Nicotiana
tabacum v4.5 CDS database (ref. 15;Note 18). For assessment
of general transcription profile similarity, principal component
analysis (PCA) can be used (Fig. 2).
4 Notes
1. This rapid transformation protocol requires good fitness of the
starting BY-2 cell culture. The culture needs to be able to
multiply its biomass at least 20 times during week subculture
interval (SBI), reaching 2.5  106 cells/ml at the end of SBI,
and needs to reach at least 5% mitotic index on the second day
























Fig. 1 Assessing fluorescence of BY-2 protoplasts using flow cytometry. (a and b) Examples of SSC-FSC
dotplots, the live cell population can be easily distinguished—here it is in the blue gate; (c) an example of
histogram of protoplast fluorescence in cell line with a subpopulation of cells that partially silenced expression
of GFP transgene
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parameters are not reached, the cultivation protocol needs to
be optimized rigorously according to ref. 7.
2. Prepared enzyme solution can be stored in freezer at 20 C.
After use, the solution can be recycled by filtering through
20 μm nylon mesh filter. It can be reused up to three times
without obvious loss in protoplasting efficiency.
3. We also realized that it is not necessary to have exactly a 3-day--
old exponential culture, just the sufficient mitotic index reach-
ing at least 5% is necessary. Researchers are therefore free to
start the protocol any day with late exponential or stationary
culture, which can reach good mitotic index just 1 day after the
initial subculture. The original transformation protocol is
reduced from 7 days just to 3 days. Moreover, the growth of
Fig. 2 Principal component analysis of RNAseq data for two lines of BY-2 and VBI tobacco cell cultures
collected at exponential (2-days-old cells) and stationary (7-days-old cells) phases of the subculture interval.
Each biological sample is represented by three independent replicates. Both exponential and stationary cells
show characteristic sets of transcripts, providing evidence for the stability of the transcriptomes. Exp
exponential, stac stationary, BY2g, BY2p, VBI0, VBI2b independently grown tobacco BY-2 and VBI cell lines
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transformed calli is typically faster, allowing the first subculture
as soon as after 3–4 weeks, and the numeric yield of transfor-
mants is usually higher.
4. The culture can be divided into more transformation variants in
this step; 6 ml of treated BY-2 culture is required for each
transformation variant, so one flask (36 or 40 ml) can be used
for transformation of up to six different constructs.
5. The transformation efficiency is commonly variable. When the
two size aliquots are used, at least one of the variants gives
appropriate density of transformed calli (10–50 calli per plate,
which is neither too low nor too dense to complicate proper
separation of individual calli). Typically, 6 ml of cocultivation
mix provides 150 to 600 transformed calli on 11 selection
plates. Treated volumes can be individually adjusted according
to the number of required transformed calli, when keeping the
ratios of transformed cells, untreated culture and fresh medium
constant.
6. BY-2 lines in the callus form can be gently resuspended in
liquid medium, cultivated on a rotor shaker for a week and
subcultured once (approximately 1.5–3 ml of suspension into
30 ml of fresh medium) before cloning.
7. Starting from the suspension culture is better as the efficiency
of protoplasting cells from calli is quite low. The medium from
the suspension culture has to be removed. It can be done either
by centrifugation or by filtration. For protoplasting we usually
use suspension culture in the exponential phase of growth
(3–4 days old).
8. Other types of containers can be used, if they allow adequate
shaking.
9. The protoplasts can be checked by microscope; however, do
not cover the sample directly with a cover glass, this would
crush the protoplasts. After the incubation with enzymes, all
cells should be spherical, some cells can by still stick together in
files, but this is not a problem for the following flow cytometry.
10. In theory, dead protoplasts should sediment on the bottom of
the microcentrifuge tube if they stay in 0.4 M sucrose. How-
ever, in our hands in some of the cell lines the live protoplasts
sediment as well. Therefore, we recommend sampling the cells
indiscriminately from the whole volume.
11. FDA staining as described in ref. 3 can verify the live cell
population.
12. Flowing Software can be downloaded from http://
flowingsoftware.btk.fi/.
13. Can be stored in 80 C before further processing.
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14. General rules for RNA work apply. It is advised to remove
RNases from all accessories used. RNase ZAP (Sigma-Aldrich)
is used.
15. RNeasy Plant Isolation kit (Qiagen) is used.
16. DNA-free kit (Ambion) is used.
17. Requirements for quality and quantity of RNA may depend on
sequencing company. For example, GATC Biotech requires
1 μg of RNA of concentration >20 ng/μl, OD 260/280
between 1.8 and 2.2, RIN value >8.
18. Bioinformatics processing can be part of the sequencing con-
tract. Several workflows exist; for more information see for
example ref. 16.
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Detailed insight into the dynamics 
of the initial phases of de novo RNA-directed 
DNA methylation in plant cells
Adéla Přibylová , Vojtěch Čermák, Dimitrij Tyč and Lukáš Fischer* 
Abstract 
Background: Methylation of cytosines is an evolutionarily conserved epigenetic mark that is essential for the control 
of chromatin activity in many taxa. It acts mainly repressively, causing transcriptional gene silencing. In plants, de novo 
DNA methylation is established mainly by RNA-directed DNA-methylation pathway. Even though the protein machin-
ery involved is relatively well-described, the course of the initial phases remains covert.
Results: We show the first detailed description of de novo DNA-methylation dynamics. Since prevalent plant model 
systems do not provide the possibility to collect homogenously responding material in time series with short inter-
vals, we developed a convenient system based on tobacco BY-2 cell lines with inducible production of siRNAs (from 
an RNA hairpin) guiding the methylation machinery to the CaMV 35S promoter controlling GFP reporter. These lines 
responded very synchronously, and a high level of promoter-specific siRNAs triggered rapid promoter methylation 
with the first increase observed already 12 h after the induction. The previous presence of CG methylation in the 
promoter did not affect the methylation dynamics. The individual cytosine contexts reacted differently. CHH methyla-
tion peaked at about 80% in 2 days and then declined, whereas CG and CHG methylation needed more time with 
CHG reaching practically 100% after 10 days. Spreading of methylation was only minimal outside the target region in 
accordance with the absence of transitive siRNAs. The low and stable proportion of 24-nt siRNAs suggested that Pol IV 
was not involved in the initial phases.
Conclusions: Our results show that de novo DNA methylation is a rapid process initiated practically immediately 
with the appearance of promoter-specific siRNAs and independently of the prior presence of methylcytosines at the 
target locus. The methylation was precisely targeted, and its dynamics varied depending on the cytosine sequence 
context. The progressively increasing methylation resulted in a smooth, gradual inhibition of the promoter activity, 
which was entirely suppressed in 2 days.
Keywords: Epigenetics, RdDM, RNA interference, sRNA sequencing, Transcriptional gene silencing
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Background
All plant cells need to regulate gene expression in con-
nection with developmental processes and as a reac-
tion to external conditions. Simultaneously, the genetic 
information must be protected against invasive nucleic 
acids, mainly transposable elements (TEs). To avoid the 
detrimental effects of their activity, TEs must be kept 
inactive. However, TEs are integral components of 
genomes, frequently interspersed between functional 
genes, so cells need to differentially regulate the activity 
of particular regions within a genome [1]. For this pur-
pose, cells possess a wide range of epigenetic tools for 
labelling chromatin at both the DNA and histone level. 
Histone labelling is highly complex, including a range 
of various posttranslational modifications of histone 
tails and varying representation of histone variants 
within nucleosomes, whereas DNA is labelled almost 
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Chromatin epigenetic marks are generally reversible, 
but they can also be very stable, especially in plants, 
where repressive marks are often transgeneration-
ally inherited [4]. Therefore, their establishment has 
to be well-founded and highly specific. The sequence-
specific chromatin repression can be realised either 
by the DNA-binding domains of transcription factors 
recruiting the polycomb repressive complex that induce 
trimethylation of H3K27 (these repressive marks are 
commonly reset between generations) [5] or by RNA-
directed DNA methylation (RdDM). Target recogni-
tion in RdDM is based on the complementarity of small 
RNAs with nascent scaffold transcripts of plant-specific 
RNA polymerase V (Pol V) [3, 6].
DNA methylation serves as a repressive mark to inac-
tivate gene transcription if it occurs in the promoter 
region [3, 7]; for TEs, methylation is usually spread 
along their full length [8]. In plants, DNA methyla-
tion is targeted on the C5 position of cytosines and can 
occur in any C contexts: CG, CHG, and CHH (where 
H can be A, C, or T). Once established, the methyla-
tion marks are maintained in dividing cells in three dif-
ferent ways. First, the methylation of CG is maintained 
by Methyltransferase 1 (MET1), which methylates C in 
hemi-methylated CG recognised by protein Variant in 
methylation 1 (VIM1). This process is tightly associated 
with DNA replication [9–11]. The other two mecha-
nisms are based on the mutual connection between 
DNA methylation and histone posttranslational modi-
fications—mainly H3K9me2. The first self-reinforcing 
loop is responsible for maintaining the methylation in 
CHG (and in heterochromatin also CHH) contexts by 
Chromomethylases (CMTs). These enzymes contain 
chromodomains that specifically bind to H3K9me2, 
which is likely needed for effective methylation of 
cytosines in the adjacent DNA [12, 13]. Vice versa, 
methylated CHG is recognised by SRA domain of his-
tone methyltransferases Kryptonite (KYP, SUVH4) and 
SUVH5/6, which di-methylate H3K9 in the adjacent 
nucleosome(s) [14–20]. CHG context is maintained 
mainly by CMT3 [13, 21, 22]. CMT2 is responsible for 
methylation of CHH and also partly CHG context in 
canonical heterochromatin containing histone H1 [13, 
22].
The last mechanism of “maintenance methylation” 
is most important for short TEs and border regions of 
long retrotransposons [8] and is based on the activity of 
Domains rearranged methyltransferase 2 (DRM2) in the 
process of canonical RdDM. RdDM is a part of the RNA 
interference (RNAi) machinery, which inactivates gene 
expression not only at the transcriptional (TGS) level, but 
also at the post-transcriptional (PTGS) level [23, 24]. In 
RdDM, DRM2 methylates C in a context-independent 
manner at loci that are complementary to small RNAs 
present in the cell [25]. There are several pathways of 
RdDM that have been described in plants in recent 
years. The canonical RdDM primarily serves to main-
tain CHH methylation in already repressed regions. 
It involves two plant-specific polymerases, Pol IV and 
Pol V [26–29]. Pol IV is responsible for the production 
of transcripts which serve as a source of small interfer-
ing RNAs (siRNAs) from genomic regions with inactive 
chromatin lacking histone H1, whereas Pol V assists in 
recognition of the target regions. Pol IV is attracted to 
chromatin via its interacting partner Sawadee homeo-
domain homologue 1 (SHH1), which binds to H3K9me2 
and non-methylated H3K4 [30–32]. From loci with these 
chromatin labels, Pol IV creates 30–40-nt-long tran-
scripts, which are replicated by RNA-dependent RNA 
polymerase 2 (RDR2) producing dsRNA precursors that 
are processed by Dicer-like 3 (DCL3) into 24-nt siRNA 
[33–36]. These siRNAs in association with Argonaute 
proteins AGO3/4/6 base-pair with nascent transcripts of 
Pol V and guide DRM2 for the methylation of C on the 
template DNA [6, 37, 38]. Pol V is primarily recruited to 
loci containing methylated cytosines via interaction with 
inactive SUVH homologs SUVH2/9 [39–41]. This canon-
ical RdDM pathway serves not only to maintain methyla-
tion of genomic regions in cis but importantly, it should 
also allow siRNA-mediated “identity-based” recognition 
and de novo methylation/inactivation of newly inserted 
copies of TEs in trans [42, 43].
Recognition and de novo silencing of completely novel 
TEs (or transgenes) are likely expression-dependent and 
can be mediated by several other non-canonical RdDM 
pathways [43]. In addition to 24-nt siRNAs produced 
from transcripts of Pol IV in the canonical pathway, 
Pol II-dependent 24-nt and 21–22-nt siRNAs were also 
shown to be involved in the pathways, which are consid-
ered responsible for the methylation of DNA in loci not 
transcribed by Pol IV [3, 43]. In addition to typical siR-
NAs, recently discovered DCL-independent sidRNAs 
have also been suggested to be initial triggers of de novo 
DNA methylation of epigenetically naive loci [44], though 
a later study challenged this hypothesis [43].
While the molecular mechanisms of RdDM are rela-
tively well-described at present, less is known about its 
dynamics. Voucheret already in 1994 showed that tran-
scriptional trans silencing could start quickly in devel-
oping seed, but complete inactivation might require few 
weeks [45]. After massive leaf infiltration with Agrobac-
terium, rapid methylation of T-DNA was detectable in 
the promoter region just 2–3  day post-infiltration and 
the levels continued to rapidly accumulate over the 1st 
week and then steadily up to 21  days [46]. In mitoti-
cally dividing cells, the maintenance methylation of 
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newly synthesised DNA strands must be quick enough 
to ensure the replication of the epigenetic information 
between the two subsequent S-phases of the cell cycle. 
It is supposed to be exceptionally fast in the case of CG 
and CHG sequences. For instance, in human embry-
onic stem cells, the vast majority of the maintenance CG 
methylation takes place less than 20 min after replication 
[47]. However, to our knowledge, there is no information 
available for the dynamics of de novo RdDM initiation 
phases. Both a quick and slow model could apply; quick 
TGS would ensure fast, reliable inactivation of invasive 
DNA. However, it would also make sense to methylate 
cytosines slowly or with a certain lapse in time from the 
initial emergence of siRNAs. siRNAs also allow effective 
protection at the post-transcriptional level, so the post-
poned, non-impetuous decision to inheritably inactivate 
some genomic region by DNA methylation might be 
advantageous, because it could help to avoid potentially 
detrimental effects connected with unwanted permanent 
inactivation. Moreover, Pol V, which is regarded as an 
indispensable component of all RdDM pathways [3], was 
shown to be specifically attracted to methylated DNA 
[40], so the speed of the initial methylation of epigeneti-
cally naive loci could be restricted. Our results, based on 
the inducible activation of siRNA synthesis, show that 
RdDM could be initiated several hours after the appear-
ance of high siRNA levels and that the targeted genomic 
region could reach practically full methylation in as early 
as 2 days in mitotically dividing tobacco BY-2 cells.
Results
The goal of our study was to describe the precise tim-
ing and progression of the transcriptional gene silencing 
(TGS) in its early stages. For this purpose, we used the 
BY-2 cell line [48] as a model, which allowed us to moni-
tor the process in a highly synchronised and homogene-
ous culture, which can be studied at a single-cell level 
[49]. A selected BY-2 cell line stably expressing GFP, 
driven by CaMV 35S promoter (P35S) [50], was super-
transformed with an estradiol-inducible silencing con-
struct composed of an inverted repeat prepared from a 
part of P35S (IR-P35S) (Fig. 1a). The IR-P35S transcript 
was expected to form an RNA hairpin, which should have 
been processed to siRNAs targeting P35S and induc-
ing TGS of the downstream laying GFP (Fig. 1b). For the 
experiment, we chose three independently transformed 
lines (8, 19, and 35), which showed a high fluorescence 
level, homogenous silencing response after β-estradiol 
treatment, and which did not show spontaneous self-
silencing of the GFP gene. To keep the cells in a physi-
ologically invariable state, cultures were continually kept 
in the exponential phase of growth. Establishment of 
TGS was monitored for 10 days of continuous β-estradiol 
treatment. In selected timepoints (3, 6, 12, 24 h and 2, 3, 
and 10  days), we determined the transcript level of the 
silencer and the target GFP gene, GFP fluorescence, pro-
moter cytosine methylation, and presence of promoter-
specific siRNAs in the selected lines. 
1 kbp
PNOSRB NPTII TNOS P35S GFP TNOS
target
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Fig. 1 Scheme of the model system. a Scheme of the inductor and the target T-DNAs; b expected activity of the T-DNAs in BY-2 cells untreated and 
treated with β-estradiol; P35S–CaMV constitutive promoter; XVE—a chimeric transcription activator; Pind—promoter activated by estradiol bound 
to XVE; HPT and NPTII, hygromycin, and kanamycin-resistance genes, respectively (for more detailed description, please see “Methods” and the 
original paper introducing the XVE-inducible system [70])
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Monitoring of GFP silencing at the fluorescence 
and transcript level
GFP fluorescence after application of β-estradiol was 
assessed at a single-cell level using flow cytometry of iso-
lated protoplasts. Ten-day β-estradiol treatment resulted 
in a complete loss of detectable GFP fluorescence in all 
three tested lines (Fig. 2a; Additional file 1). The fluores-
cence decreased quickly in lines 8 and 19, reaching about 
50% of their initial level in 2 days, while the third line 35 
responded more slowly (Fig. 2a). The flow-cytometry his-
tograms clearly showed that in lines 8 and 19, the inten-
sity of GFP fluorescence was highly homogeneous in the 
cell populations during the whole β-estradiol treatment 
(Additional file  1). It indicates that the cells responded 
synchronously to the induction, allowing a bulk analysis 
of harvested cells from these lines which provide reliable 
molecular data representing the progression of TGS in 
individual cells.
Following the results of the fluorescence analysis, we 
wondered how transcript levels of the silencer and the 
target GFP changed in the early steps of TGS. For this 
purpose, we analysed the homogeneously responding 
lines 8 and 19 using RT qPCR. After the application of 
β-estradiol, the transcript level of IR-P35S (estimated 
by amplification of the intron RNA indicating unspliced 
hairpin level) quickly increased within the first 3  h 
(Fig. 2b). Transcription of the silencer was followed by a 
rapid decrease in transcript level of the GFP gene in the 
first 12  h of the treatment (p < 0.005 for both lines) by 
about 30% (Fig. 2b). Afterwards, the transcription gradu-
ally declined to less than 5% of the initial transcript level 
within 2  days. The changes in GFP transcription were 
highly similar in both tested lines. IR-P35S transcript 
levels were, after the initial rise, fluctuating in time and 
finally decreasing towards the end of the treatment, even 
though the cells were continually exposed to β-estradiol, 
which might be connected with increased rate of the 
hairpin RNA cleavage by the action of not only DCLs, 
but also AGO proteins.
While the synthesis of new GFP protein was almost 
completely turned off during the first 2  days, the GFP 
fluorescence decreased by only 50% at the same time. 
Given that the cultures were exponentially growing, the 
observed decrease in GFP fluorescence had to result 
from both GFP degradation and GFP “dilution” in divid-
ing cells. Comparing the speed of the GFP fluorescence 
decrease and the rate of BY-2 cell divisions (doubling 
time is about 20  h) [49] clearly indicated that the GFP 
protein was highly stable in BY-2 cells with a half-life of 
several days, which caused the observed delay in GFP flu-
orescence decline.
In summary, the fluorescence and transcription 
analyses clearly showed that the BY-2 cell populations 
homogeneously responded to β-estradiol and gradually 
switched off the GFP transcription during the first 2 days 
of the treatment.
The onset of P35S methylation
We further analysed how the observed decline in GFP 
expression (onset of TGS) correlated with methyla-
tion of the P35S. To analyse DNA methylation at a sin-
gle nucleotide level, we used bisulfite modification of 
cytosines and subsequent sequencing of about 10 clones 
per sample. For the amplification, we designed primers, 
which covered not only the target, but also broader adja-
cent regions. Within the amplified segment, we obtained 
information about the methylation state of 90 cytosines 
in the target (379  nt) and 44 cytosines in the adjacent 
regions (104- and 82-nt up- and downstreams, respec-
tively). From the 90 cytosines in the target region, there 
were 13 in CG and 9 in CHG context.
The analysis showed that the majority of analysed 
clones from lines 8 and 35 were practically without meth-
ylated cytosines (C*) (Fig. 2c; Additional file 2), and the 
frequency of non-methylated cytosines matched the 
experimentally determined efficiency of cytosine con-
version, which was about 98% in our experiments. In 
contrast, in line 19, the median level of initial methyla-
tion was as high as about 11%, mainly due to the high 
proportion of symmetric CG methylation. This methyla-
tion might be a remnant of methylation induced by tran-
sient expression of the hairpin during the transformation 
event. Methylation in CHG and notably CHH context 
was at very low levels in all three lines before the treat-
ment (Fig. 3).
After exposure to β-estradiol, the total cytosine meth-
ylation in lines 8 and 19 gradually increased and was 
significant after 12  h (Mann–Whitney U test, p < 0.05) 
(Fig. 2c). In the first 2 days, methylation reached its maxi-
mum of around 80% of C* in the target region. The meth-
ylation status of the target P35S region in lines 8 and 19 
treated and untreated with β-estradiol was further con-
firmed in selected timepoints by cleavage with methyl-
ated DNA specific endonuclease (Additional file 3). The 
onset of methylation in line 35 was considerably slower, 
which was consistent with the later decline in GFP fluo-
rescence in this line (Figs. 2a, c, 3). However, on day 10, 
the methylation reached similar levels in all three lines.
Methylation in CG and CHG contexts gradually 
increased in time and needed more than 3 days to reach 
their maximal levels. In contrast, CHH methylation 
showed a different pattern (Fig.  3). In lines 8 and 19, 
CHH methylation reached its maximum (median value 
near 80%) in 2  days and then slightly declined to about 
60% until the 10th day. The median values of methylation 
in CG context on the 10th day of treatment reached 85%, 
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92%, and 81% in lines 8, 19, and 35, respectively, whereas 
the methylation of CHG context was practically com-
plete; the median reached 100%, 100%, and 94% in the 
respective lines.  These results show that the dynamics 
of methylation establishment differed depending on the 
cytosine sequence context.
On the 10th day, methylated cytosines were more or 
less equally distributed along the target region. Even 
though there were regions and positions with less dense 
methylation, we could not find any cytosine position, 
which was utterly resistant to methylation in all ana-
lysed clones. The distribution of highly and less methyl-
ated cytosines along the target sequence was similar in all 
three analysed lines (Fig. 4). When focusing on the tran-
sient states, it seemed that there was a small preference 
to initiate methylation in the more upstream part of the 
target region (Additional file 2). The distribution of C* in 
incompletely methylated samples from earlier times indi-
cates that the modification of some cytosines was “easier” 
and they reached their final methylation levels as early 
as after 24  h of the treatment, whereas other cytosines 
needed more extended time for the effective establish-
ment of the methylation marks (Fig. 4).
In addition to the P35S region targeted by the IR-P35S 
construct, our methylation analysis also covered adja-
cent untargeted regions, which allowed us to evaluate 
the preciseness of targeting. Cytosine methylation was 
not absolutely restricted to the target region, but the pro-
portion of methylated cytosines was much lower outside 
the target region. This external methylation was more 
prominent in the symmetrical contexts (mainly CHG) 
(Additional file  2) that was cumulated just upstream of 
the target region, which might be related to some pre-
existing weak methylation present in this region before 















































































































































































Fig. 2 Time course of transcriptional silencing of P35S::GFP. 
β-estradiol was applied at time 0 to three BY-2 lines (8, 19, and 35). 
The establishment of TGS of P35S::GFP was monitored in the selected 
timepoints at the level of a GFP fluorescence (flow cytometry of about 
10 thousand cells per sample); b transcription of the GFP and the P35S 
promoter hairpin (RT qPCR); c proportion of methylated cytosines in 
the target region (means of about 10 clones per sample after bisulfite 
conversion); d proportion of promoter-specific siRNAs (of about 50 
mil reads per sample); e correlation between the level of GFP silencing 
(i.e., relative decrease in GFP expression) and cytosine methylation 
(relative to the maximal attainable level) and siRNA level (relative to 
the maximal attainable value; only for line 8). Error bars in (b) and 
(c) indicate standard errors, and asterixis in (c) indicate a significant 
difference (Mann–Whitney U test, p < 0.05) for lines 8 and 19
▸
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In summary, the induction of the P35S-hairpin expres-
sion resulted in a gradual increase in P35S methylation 
within the first 2  days of exposure, reaching about 80% 
of methylated cytosines, which correlated well with 
the smooth attenuation of the P35S promoter activity 
(Fig. 2e).
Analysis of small RNAs as a trigger of promoter 
methylation
Sequence-specific DNA methylation is directed by siR-
NAs (RdDM) [25], so we performed high-throughput 
sequencing of siRNAs isolated from lines 8 and 19 at 
selected timepoints to see the correlation between the 
presence of promoter-specific siRNAs and promoter 
methylation. After checking the quality of sequencing 
output (Additional file  4), all siRNA reads were filtered 
for only those mapping on any region of the two T-DNAs 
present in our cells (containing the target P35S::GFP and 
the silencer XVE::IR-P35S regions; for the silencer, both 
spliced and unspliced forms were used for the filtering) 
(Additional files 5, 6: Table  S2). The amount and distri-
bution of siRNAs aligned to T-DNAs differed slightly 
between the two lines. Whereas in line 8, there were 
practically no siRNAs that aligned outside the target 
P35S region, in line 19 many regions of both T-DNAs 
were covered with low levels of siRNAs even before treat-
ment (Additional files 5, 6: Table  S2). After treatment 
with β-estradiol, siRNAs’ levels increased mainly in the 
P35S target region, but in both tested lines, and more 
significantly in line 19, some smaller increases were also 
observed in the hygromycin phosphotransferase (HPT) 
expression cassette (composed of nopaline synthase 
promoter, HPT gene, and nopaline synthase terminator) 
lying upstream of the P35S hairpin (Additional files 5, 6: 
Table S2).
We further focused on the IR-P35S, where we ana-
lysed which sequences served as a source of siRNAs. As 
we expected, the alignment of siRNAs on the IR-P35S 
showed that the vast majority of siRNAs came from the 
inverted repeat region. No siRNAs aligned to the intron 
sequence and the exon/intron or intron/exon inter-
face. Very low levels of siRNAs also originated from the 
spliced unique loop region of the hairpin, indicating the 
production of transitive secondary siRNAs (Additional 
file 5C), though these siRNAs could also originate from 
some structural rearrangements of the transgene [51]. 
The relative proportion of these transitive siRNAs did 
not significantly change during the treatment (Additional 
file 5C). In the target T-DNA containing full-length P35S, 
we detected no transitive siRNAs which would have 
expanded a single nucleotide from the target region at 
least in line 8 (Additional file 5).
For subsequent thorough analysis, we used only siR-
NAs aligning to the target P35S. In line 8, the level of 
these siRNAs gradually increased during the treatment, 
reaching almost 2.5% of all sequenced siRNAs on day 10. 
At the same time, in line 19, the level of P35S siRNAs was 
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Fig. 3 Dynamics of cytosine methylation in different sequence contexts. Changes in cytosine methylation in CG, CHG, and CHH contexts in the 
target region of P35S were determined via bisulfite conversion in three BY-2 lines before and during β-estradiol treatment. The box plots show 
frequency of methylated cytosines in about 10 sequenced clones per sample. The analysis covered 68 cytosines in CHH, 13 in CG, and 9 in CHG 
context
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siRNAs was relatively stable during the treatment, with 
21-nt and 22-nt siRNAs being dominant (Fig.  5a). The 
ratio between 21 and 22-nt siRNAs differed in the two 
lines and fluctuated slightly during the treatment, but 
both size classes constantly formed together about 90% 
of all P35S siRNAs in both tested lines. 24-nt siRNAs 
stayed at an approximately constant level of about 5% of 
all P35S siRNAs during the whole treatment (Fig. 5b).
The siRNAs aligning to the P35S were not distributed 
equally along the sequence, but there were hot- and cold 
spots with high and low coverage by siRNAs, indicating 
different stability and/or efficiency in their generation 
(see the list of the most frequent siRNAs in Additional 
file  7: Table  S3). The distribution of the hot- and cold 
spots was strongly strand specific. In most positions 
along the target region, the siRNAs aligned almost exclu-
sively on either the forward or the reverse strand, and 
rather exceptionally to both of them (Fig.  5d). Despite 
this, the ratio between forward and reverse siRNAs 
stayed approximately constant during the treatment at 
about 1:1 in both tested lines (Fig.  5c). The position of 
hot- and cold spots was similar for all siRNA size cat-
egories. Whereas the distribution of 21- and 22-nt siR-
NAs was almost identical, 24-nt siRNAs in line 8 aligned 
to slightly different positions, especially in the most 
upstream part of the target region (Fig.  5e). The distri-
bution of siRNAs along the sequence was also relatively 
stable during the whole treatment, though some gradual 
changes could be seen with increasing duration of the 
β-estradiol treatment; especially in the case of 24-nt siR-
NAs aligning to the left border of the target region in 
line 8 (Fig.  5f ). Interestingly, low levels of P35S siRNAs 
were already detected in the untreated cells. The size and 
strand-specific distribution of these sRNAs along the 
sequence corresponded with the situation observed in 
the induced cultures, indicating that these siRNAs likely 
originated from a few sporadically silenced cells, which 
can also be seen in the flow-cytometry histograms (Addi-
tional file 1).
Surprisingly, the distribution of siRNAs along the 
target region differed between the two analysed lines. 

































Fig. 4 Establishment of cytosine methylation and its distribution along the P35S region. The proportion of methylated cytosines on each cytosine 
position along the target and adjacent regions of P35S is shown for the three tested lines before the β-estradiol treatment and after 1 and 10 days 
of the treatment. Individual cytosine contexts are differentiated: circle for CHH, diamond for CG and square for CHG. Arrows indicate the position of 
CCG sites
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similar, in the case of line 8, the coverage by siRNAs was 
much more homogeneous. In line 19, there were sharper 
peaks and also deeper valleys, with only a minimal num-
ber of aligning siRNAs (Fig.  5d). The regions with low 
siRNA coverage in line 19 and higher coverage in line 8 
included approx. 30-nt-long border part of the target 
region. However, there was no obvious difference in the 
distribution of final methylation along the target region 
in the two lines on day 10 (Additional file 2, Fig. 4).
In summary, the transcription of IR-P35S led to the for-
mation of high levels of target-specific siRNAs with the 
dominant representation of 21- and 22-nt-long classes. 
The siRNAs aligned unevenly and with strand-specific-
ity along with the target P35S region, causing relatively 
smooth and homogeneous methylation of the whole tar-
get region. The levels of target-specific siRNAs gradually 
increased during the treatment, but there were no dra-
matic changes in either the representation of siRNA size 
categories or their distribution along the target region.
Discussion
Our study describes in detail the dynamics of de novo 
RdDM in plant cells. Thanks to our highly synchronised 





Fig. 5 Classification and distribution of siRNAs matching with the P35S region. All sequenced siRNAs were filtered for those matching with the 
P35S target region and further analysed: a relative representation of size classes of P35S siRNAs in all sequenced siRNAs (1% corresponds to 1 × 104 
siRNAs per million reads; note different scales for the two lines); b relative representation of selected siRNA size classes in P35S-specific siRNAs; c 
relative representation of forward- and reverse-oriented P35S-specific siRNAs; d distribution of siRNAs isolated from 10-day treated cultures along 
the promoter sequence depicted as % of all sequenced siRNAs (note different scales for the two lines); e distribution of selected siRNA size classes 
along the promoter sequence depicted as % of all sequenced siRNAs (siRNAs isolated from 10-day treated cultures); f time changes in distribution 
of selected siRNA size classes along the promoter sequence in line 8 (depicted as % of siRNAs of the respective size matching to the target in the 
respective time)
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DNA methylation and subsequent transcriptional silenc-
ing can be a rapid process. Methylation was initiated 
almost immediately with the appearance of promoter-
specific siRNAs, and the first significant difference in 
methylation was observed as soon as 12  h after induc-
tion and caused complete transcriptional silencing 
within 2  days. Later, however, the methylation pattern 
developed further. There were some more unexpected 
features that we described in connection with the estab-
lishment of TGS; CG methylation occurring at the target 
locus prior to the treatment had no effect on the speed 
of RdDM, the proportion of 24-nt siRNAs was low and 
stable in the 1st days of DNA methylation, the speed of 
de novo methylation was much slower than maintenance 
methylation of newly synthesised DNA strands, and the 
dynamics of DNA methylation differed depending on the 
cytosine sequence context. Our study thus opens up new 
questions that will lead to a better understanding of this 
biologically important process.
High levels of specific siRNAs quickly induce methylation
Expression of the P35S hairpin led to the gradual accu-
mulation of siRNAs to relatively high levels as compared 
with the previous reports [52]. P35S siRNAs exceeded 
levels of siRNAs aligning onto well-characterised tobacco 
transposable elements by a factor of 10 (Tnt1 and Tto1) 
(Additional file  6: Table  S2) [53, 54]. The total levels of 
P35S specific siRNAs differed about five times in the two 
tested lines, with no effect on the speed of methylation 
(Fig. 2), indicating that the siRNAs levels were above sat-
uration, so we likely observed the maximal speed of de 
novo DNA methylation.
The siRNA level sufficient for full, dense methylation 
in line 19 on day 10 corresponded to the siRNA level 
observed in line 8 as early as after 6 h of the treatment. 
However, at that time, only weak methylation was present 
in line 8 (Fig. 2). It clearly indicates that not only reaching 
a certain level of siRNAs, but also a certain duration of 
the exposure to siRNAs was necessary to establish dense 
methylation of the target region. On the other hand, once 
established, the dense methylation had to be very quickly 
introduced to newly synthetized DNA strands after rep-
lication, because we observed this dense methylation in 
the cells that were continually dividing approximately 
every 20 h [49]. Such faster methylation compared to de 
novo methylation of a naive locus was likely connected 
with the presence of the maternal highly methylated 
DNA strand, since Pol V is effectively recruited to loci 
with methylated cytosines [40].
The onset of dense cytosine methylation was grad-
ual, and the effectiveness of methylation varied slightly 
depending on the cytosine position within the target 
region (Fig.  4). However, we did not detect any clear 
correlation with the position of hot and cold spots of 
either typical 21–24-nt siRNA (Fig.  5) or longer sRNAs 
(practically missing in our system) (Additional file  6: 
Table  S2), which could potentially represent sidRNAs 
that were suggested to participate in the initiation of 
methylation in epigenetically naive loci [44]. The onset 
of methylation also differed, depending on the cytosine 
sequence contexts. Methylation in CG and CHG con-
texts reached higher final levels compared to CHH meth-
ylation, which likely reflected the fact that we monitored 
methylation in dividing cells. CG and CHG methylation 
could be reintroduced to newly synthesised strands more 
rapidly and more infallibly after the replication than 
CHH, because once established, CG and CHG could also 
be methylated independently of RdDM [18, 55]. Recently, 
it was shown that external cytosines of CCG sites (a 
subtype of CHG) in gene bodies could only be methyl-
ated when internal cytosines are methylated [56]. Only 
two such sites present in our target sequence, however, 
showed the opposite tendency. In line 18 lacking initial 
CG methylation, the methylation of the external cytosine 
preceded the methylation of the internal one, which was 
probably associated with the combined action of DRM2 
and maintenance methylation by CMT3. The decrease 
in CHH methylation observed during prolonged 10-day 
treatment might result from silencing of the IR construct 
and a hypothetical decrease in siRNA levels between day 
2 (not determined in our siRNA analysis) and day 10. 
However, the decrease in CHH methylation was equal in 
both tested lines, though the level of siRNAs on day 10 
was 5 times higher in line 8 compared to line 19. There-
fore, we prefer an alternative explanation: establishment 
of high-density CG and CHG methylation might reduce 
the necessity or efficiency of RdDM, which is then some-
how attenuated irrespective the continual presence of 
high levels of siRNAs.
It should also be noted that the proportion of 24-nt siR-
NAs was relatively low and stable, as was also reported 
for IR-derived siRNAs in Arabidopsis [52]. This indicates 
that either the observed levels of 24-nt siRNAs were 
sufficient to induce effective methylation or that other 
siRNA sizes participated or were fully responsible for tar-
geting de novo methylation in our system. Involvement 
of 21-nt and 22-nt siRNAs was clearly demonstrated in 
the RDR6–AGO6 RdDM pathway [57]. Since there was 
no relative increase in 24-nt siRNA production during 
the treatment, it is also unlikely that Pol IV was involved 
in the generation of siRNAs from this locus, even when it 
was already repressed and densely methylated on day 10. 
All detected siRNAs more likely originated from the Pol 
II hairpin transcript. The high frequency of 22-nt siRNAs 
indicated the involvement of DCL2, which was shown 
to stimulate the synthesis of secondary siRNAs through 
Page 10 of 14Přibylová et al. Epigenetics & Chromatin           (2019) 12:54 
RDR6 activity [58]. Therefore, the detected siRNAs were 
likely a mixture of primary siRNAs produced from the 
stem part of the inducer hairpin and secondary siRNAs, 
presumably originating from the inducer transcript pro-
cessed by RDR6 after the primary AGO cleavage [59].
This assumption was further supported by the detec-
tion of siRNAs originating from outside the dsRNA (stem) 
region of the hairpin, although levels of these siRNAs were 
relatively low compared to those originating from the IR 
region (Additional file 5C). On the other hand, transitivity 
was completely missing in the target locus. It can be linked 
to the fact that we targeted a promoter sequence, which 
is not transcribed or is transcribed only sporadically [60], 
so the transcripts could not serve as a source of secondary 
siRNAs. The absence of siRNAs from outside the target 
region was consistent with practically no CHH methyla-
tion outside the target region, showing high preciseness 
of RdDM targeting, as was suggested from the molecular 
mechanism of DRM2 action [25]. Such pinpoint target-
ing is especially important for the inactivation of invasive 
DNAs (transposable elements) inserted between plant 
genes, whose expression should not be affected [13].
In contrast to CHH, the methylation of CHG was 
also relatively high in the adjacent regions and reached 
practically 100% within the target region, indicating the 
involvement of CMT3 with less precise targeting, which 
is based on CMT3 binding to H3K9me2 [12]. This chro-
matin mark is known to attract not only CMT3, but also 
Pol IV (via SHH1) [31]. However, our results did not 
indicate the production of 24-nt siRNAs from P35S by 
Pol IV/RDR2/DCL3 activities, as we see no increase in 
the proportion of 24-nt siRNA in later times. Therefore, 
either the Pol IV occupancy was prevented by another 
chromatin/histone modification (e.g., H3K4me3) [31], 
or the presence of CHG methylation (the activity of 
CMT3) is not necessarily connected with H3K9me2. This 
situation has already been documented in tobacco by 
ChIP, where high CHG methylation in transcriptionally 
silenced P35S was unexpectedly accompanied by H3K9 
acetylation and H3K4me3 marks [61]. H3K4me3 activa-
tion marks coexisted with methylated cytosines also in 
many human promoters, whose activity was frequently 
unaffected by the introduction of methylation marks [62].
In our system, the levels of GFP silencing strongly 
correlated with P35S methylation (Fig.  2e), indicating 
that promoter activity could be smoothly modulated by 
gradually increasing methylation levels. Recently, it was 
demonstrated that the effect of DNA methylation in P35S 
depended on the position of methylcytosines, includ-
ing strand affiliation [63]. In our case, methylation was 
induced on long P35S region, so there was no step change 
in the GFP transcription connected with methylation of 
specific cytosine or passing over a hypothetical threshold 
methylation level, but instead, an even regulation was 
possible along with the wide range of methylation levels.
Methylation was induced even on DNA free 
of methylcytosines
It has long been known that the presence of sRNAs can 
effectively trigger de novo RdDM of euchromatic loci. 
However, Pol V, which is considered to be involved in 
the final step of all canonical and non-canonical RdDM 
pathways [3, 43], should be attracted exclusively to meth-
ylated DNA through its interaction with SRA-domain 
proteins SUVH2/9 [40, 64]. Since DNA methylation is 
not commonly present in euchromatic DNA, the pre-
cise mechanism of de novo methylation of epigenetically 
naive loci remains unclear. In our experiments, the tar-
get and adjacent promoter regions were practically free 
of methylated cytosines just before treatment in two out 
of the three tested lines (lines 8 and 35), but in both these 
lines, the expression of P35S hairpin triggered de novo 
cytosine methylation. Moreover, the progression and 
speed of de novo methylation in line 8 were fully compa-
rable with line 19 characterised by a relatively high level 
of initial CG methylation. Since methylated CG should be 
specifically recognised by SUVH2 [64], the impact of pre-
existing cytosine methylation for Pol V activity or the role 
of Pol V in de novo DNA methylation remains disputable.
The independence of Pol V activity from the pre-exist-
ing methylation was recently documented in suvh2/9 
mutants, which were not significantly impaired in de 
novo methylation of LTR (long-terminal repeat) from an 
exogenous TE introduced into the Arabidopsis genome 
[43]. Whereas SUVH2/9 might be omitted, the authors 
showed that Pol V was indispensable for methylation of 
newly introduced TEs in T1 plants. On the contrary, it 
was recently shown that Pol V was not needed for the 
methylation of viral DNA [65], indicating the existence 
of an alternative pathway responsible for the establish-
ment of DNA methylation, at least on certain occasions. 
In invertebrates and yeasts, which lack specialised RdDM 
polymerases, Pol II is supposed to serve as an enzyme 
assisting in the targeting of RdDM or RNA-directed his-
tone modifications [40]. Therefore, based on the current 
knowledge, the involvement of Pol II in the initial target-
ing of de novo methylation cannot be excluded even in 
plants, whereas Pol V remains indispensable for a spe-
cific recognition of TE (LTR) sequences and later efficient 
maintenance RdDM via the canonical pathway.
Conclusions
Methylation of cytosines in the promoter region is known 
to down-regulate expression of a downstream gene. 
In our study, we analysed the timing of transcriptional 
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silencing of the GFP gene in proliferating tobacco BY-2 
cell lines, which provided a highly synchronised and 
homogeneous response. This model enabled us to dem-
onstrate, to our knowledge for the first time, that the 
induction of DNA methylation and subsequent tran-
scriptional silencing can be a rapid process, initiated 
practically immediately with the appearance of promoter-
specific siRNAs. These siRNAs were mostly 21- and 
22-nt long and gradually accumulated at very high levels, 
forming up to 2.5% of all detected siRNAs on day 10. Rel-
ative distribution of siRNAs strongly differed along the 
promoter sequence with no transitivity observed in the 
target region. Our data also indicated that CG methyla-
tion occurring in the target region before the treatment 
did not affect the speed of RdDM. The dynamics of DNA 
methylation differed depending on the cytosine sequence 
context with gradually increasing methylation in the sym-
metrical CG and CHG contexts during the whole 10-day 
treatment, while CHH methylation reached its maxima 
already after 2  days and then slightly decreased. Dur-
ing the 2-day exposure to siRNAs, which was sufficient 
for the establishment of dense methylation in the target 
region, a gradual increase in the proportion of methyl-
ated cytosines smoothly attenuated promoter activity.
Methods
Plant materials
The Nicotiana tabacum L. cell line BY-2 [48] was culti-
vated in a medium based on the Murashige and Skoog 
(MS) [66] formula; MS salts (Merck) were supple-
mented with 200  mg/L  K2HPO4, 100  mg/L myo-Inosi-
tol, 3% sucrose, 1 mg/L vitamin B1, and 1 µM 2,4-d, pH 
adjusted to 5.8 with 1 M KOH. Cell cultures were culti-
vated at 27  °C in darkness in 100 mL Erlenmeyer flasks 
on an orbital shaker at 110  rpm. The cell lines were 
subcultured weekly by 0.7  mL into 30  mL fresh media, 
and continually exponential cultures were subcultured 
every 3–4  days by 1.5  mL. Non-homogeneous cultures 
(in respect of GFP expression) were subcloned [50] 
before starting the experiments. A BY-2 line carrying 
smRS-GFP (called simply GFP in the paper) [67] stably 
expressed under the control of constitutive CaMV 35S 
promoter (P35S) for many years (Fig.  1a) [50]. The line 
was super-transformed with a hairpin construct prepared 
from PCR amplified 379-bp-long segments of the P35S 
arranged as a head-to-head inverted repeat, separated by 
an intron originating from the PsbO1 gene of Solanum 
tuberosum (PUT-157a-Solanum_tuberosum-62673150) 
[68] with short adjacent regions (Fig. 1a) [69]. Expression 
of the hairpin was controlled by the β-estradiol (Sigma) 
XVE-inducible system [70]. Selected super-transformed 
lines were treated by adding β-estradiol to a final concen-
tration of 2  μM (from 20  mM stock solution in DMSO 
stored at − 20  °C) into the cultivation media; controls 
were treated with a corresponding concentration of 
DMSO.
Fluorescence analysis
For fluorescence analysis, protoplasts were prepared by 
taking 1.5  mL of the cell culture into a 2  mL tube, and 
the medium was drained off with cellulose wadding tam-
pons. 1.5  mL of a protoplast enzyme mixture (10  g/L 
Cellulase, 1  g/L Pectolyase Y-23 in 0.45  M d-mannitol) 
was added, and the whole mixture was transferred into 
a 6-well cell-culture plate and incubated in the dark for 
3  h at 26  °C with shaking 90  rpm on an orbital shaker. 
Protoplasts were sedimented in a 2 mL tube at 200 RCF 
for 5 min, and the pellet was resuspended with 1 mL of 
MS with 0.4 M sucrose. Protoplasts were floated by cen-
trifugation (200 RCF for 5 min) without braking. 200 µL 
of the upper phase was used for flow-cytometry analysis 
using BD LSR II. Measured particles were first gated to 
select live protoplasts (Additional file  1A) and analysed 
using FlowJo vX.0.7 (https ://www.flowj o.com/).
Transcription analysis
Transcript levels of the GFP and the P35S hairpin were 
analysed by RT qPCR. RNA was isolated from 100  mg 
of biomass using the  RNeasy® Plant Mini Kit (QIA-
GEN) and reverse transcribed with RevertAid Reverse 
Transcriptase (Thermo Fisher Scientific) using anchored 
 oligoT23 primer. Quantification of the GFP and the P35S 
hairpin transcript levels was performed on a LightCy-
cler 480 (Roche) using the iQ TM SYBR Green Super-
mix (BioRad, Hercules, USA) with primers, as listed in 
Additional file 8: Table S1. All reactions were performed 
in triplicate. The PCR product specificity was verified by 
melting curve analysis using a LightCycler 480 software. 
The PCR efficiency and Cq values were calculated using 
the software LinRegPCR 2017.1 [71]. Calculated concen-
trations were normalised to the expression of the internal 
expression standard EF1α [72] with primers adopted for 
tobacco EF1α genes [73].
DNA‑methylation analysis
DNA-methylation analysis was performed using bisulfite 
conversion with the EpiTect Bisulfite Kit (QIAGEN) as 
described previously [74]. Primers for amplification of 
P35S region (Additional file 8: Table S1) were designed to 
anneal on the converted DNA, irrespective of its original 
methylation state. About ten cloned PCR products for 
each sample were sequenced and analysed using the MS 
Excel 2016 and Python 3. The level of methylation was 
further confirmed by qPCR after cleavage of genomic 
DNA with McrBC endonuclease (New England Biolabs) 
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specific for methylated DNA (modified from [75]). In 
brief, 100 ng of DNA was first fragmented with a restric-
tion enzyme that does not cut it the region of interest 
(AseI), and then, the reaction was split into half and sup-
plemented with 10 units of McrBC enzyme or equivalent 
amount of 50% (v/v) glycerol. The DNA was digested 
for 6  h at 37  °C, and then, the enzyme was inactivated 
(20  min, 65  °C). 1  ng was used for qPCR performed as 
described in the section “Transcription analysis” with 
primers listed in Additional file 8: Table S1.
Small RNA analysis
The RNA samples were isolated from 100  mg (FW) of 
BY-2 cells with the RNeasy Plant Mini Kit (QIAGEN). 
RNA was quality assessed and quantified. A fraction of 
sRNAs ranging in size from 18 to 45 nt were excised and 
recovered from 15% urea–polyacrylamide gels. Extracted 
sRNAs were ligated with 5′ and 3′ RNA adapters with 
T4 RNA ligase. The adapter-ligated small RNAs were 
subsequently transcribed into cDNA by Super-Script II 
Reverse Transcriptase (Invitrogen) and amplified using 
adaptor-specific primers. The amplified cDNA prod-
ucts were size-purified and circularised (ssDNA circles). 
This sRNA library was sequenced using the combinato-
rial probe–anchor synthesis (cPAS)-based BGISEQ-500 
sequencer provided at an affordable price (BGI, Shen-
zhen, China), which was previously shown to provide 
highly reproducible results comparable with other NGS 
platforms [76]. Obtained raw data were analysed in the 
software Geneious 11.1.5 (https ://www.genei ous.com) 
and MS Excel 2016; only perfectly matching siRNAs were 
used for analyses. The sRNA data sets used in this study 
are available in the following database European Nucle-
otide Archive PRJEB32154 (http://www.ebi.ac.uk/ena/
data/view/PRJEB 32154 ).
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Unexpected variations in posttranscriptional gene silencing induced by 
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Tobacco BY-2 cell line 
A B S T R A C T   
In plants, posttranscriptional gene silencing (PTGS) is induced by small RNAs (sRNAs) generated from various 
dsRNA precursors. To assess the impact of dsRNA origin, we compared downregulation of GFP expression 
triggered by inverted repeat (IR), antisense (AS) and unterminated sense (UT) transcripts transiently expressed 
from the estradiol-inducible promoter. The use of homogeneously responding tobacco BY-2 cell lines allowed 
monitoring the onset of silencing and its reversibility. In this system, IR induced the strongest and fastest 
silencing accompanied by dense DNA methylation. At low induction, silencing in individual cells was binary 
(either strong or missing), suggesting that a certain threshold sRNA level had to be exceeded. The AS variant 
specifically showed a deviated sRNA-strand ratio shifted in favor of antisense orientation. In AS lines and weakly 
induced IR lines, only the silencer DNA was methylated, but the same target GFP sequence was not, showing that 
DNA methylation accompanying PTGS was influenced both by the level and origin of sRNAs, and possibly also by 
the epigenetic state of the locus. UT silencing appeared to be the least effective and resembled classical sense 
PTGS. The best responding UT lines behaved relatively heterogeneously possibly due to complexly arranged T- 
DNA insertions. Unlike IR and AS variants that fully restored GFP expression upon removal of the inducer, only 
partial reactivation was observed in some UT lines. Our results pointed out several not yet described phenomena 
and differences between the long-known silencer variants that may direct further research and affect selection of 
proper silencer variants for specific applications.   
1. Introduction 
RNA interference (RNAi) is an important mechanism involved in the 
regulation of gene expression in eukaryotic cells. It is often used in 
research as a tool to downregulate expression of a selected gene. The key 
players in RNAi are small RNAs (sRNAs), which can be formed via 
several different pathways in plants, making plant RNAi a very complex 
phenomenon [1]. Generally, a double stranded RNA (dsRNA) is needed 
to induce the production of sRNAs in plants. These dsRNAs are recog-
nized by DICER-LIKE (DCL) proteins, which process them into sRNA 
duplexes. One strand of the sRNA duplex (guide strand) is then selected 
to associate with ARGONAUTE (AGO) proteins, while the other strand, 
so-called passenger strand, is degraded. AGO with a loaded guide strand 
recognizes various target RNA molecules by sequence complementarity. 
Four DCL genes and ten AGO genes are encoded in the Arabidopsis 
thaliana genome. The DCLs differ according to what type of dsRNA they 
prefer to dice and the length of the sRNAs they produce [2–5]. The AGO 
proteins bind sRNAs based on their length and the identity of their 5′ nt 
and select the guide strand by a thermodynamic mechanism in coop-
eration with DRB proteins [6–10]. AGO proteins can slice the RNA target 
or cooperate with other proteins to direct various processes like blocking 
translation or directing DNA methylation (which involves a wide range 
of proteins e.g. SUO or DRM2, respectively) [11,12]. When the target is 
an mRNA molecule, then these processes lead to posttranscriptional 
gene silencing (PTGS). However, the same pool of sRNAs can also induce 
chromatin modifications (primarily DNA methylation), which can 
accompany the PTGS [13]. Such methylation does not significantly 
affect gene transcription, because it is usually limited to the transcribed 
region [14]. When this methylation spreads to the promoter region, then 
the PTGS can change to silencing at the transcriptional level (TGS; [15]). 
In plants, DNA can be methylated at cytosines in both symmetrical 
(CG and CHG) and asymmetrical (CHH) contexts, which principally 
differ in the mechanism of their maintenance in newly synthesized 
strands after replication [16,17]. Hemimethylated CG sites can be easily 
recognized and maintained by METHYLTRANSFERASE 1 (MET1) in 
cooperation with VIM proteins [18]. However, additional signals from 
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histones are needed for non–CG (CHG and CHH) methylation mainte-
nance. DNA methylation is mutually linked to histone modifications 
through chromatin modifying enzymes, whose activity is either directly 
or indirectly controlled by the other type of the chromatin mark. Thus, 
CHG and CHH methylation is maintained in heterochromatin by 
CHROMOMETHYLASE 2 (CMT2) and CHROMOMETHYLASE 3 (CMT3) 
attracted by histone modification (H3K9me2) recognized directly by 
chromodomains of these enzymes [19,20]. Vice versa, SRA domains of 
H3K9 histone methyltransferases such as KRYPTONITE (KYP, SUVH4) 
and SUVH5/6 recognize DNA methylation [21–23]. The other signal for 
maintenance methylation is presence of hc-siRNAs that are involved in 
the canonical RNA-directed DNA methylation (RdDM) pathway. These 
hc-siRNAs are generated from products of RNA polymerase IV that 
transcribes chromatin with specifically modified histone H3 (H3K4me0, 
H3K9me2) which is recognized by SHH1 [24]. DNA methylation in 
RdDM is introduced by DOMAINS REARRANGED METHYLASE 1/2 
(DRM1/2) when specific AGO protein carrying sRNA binds to comple-
mentary nascent scaffold transcripts generated by plant-specific RNA 
polymerase V (Pol V) specifically attracted to methylated DNA by 
SUVH2/9 [12,25]. In addition to this maintenance methylation, RdDM 
also establishes de novo DNA methylation utilizing sRNAs of various 
origin including those arising during PTGS [13,26]. 
There are three basic ways how dsRNA can be formed. First, separate 
transcription of complementary (sense and antisense) RNA strands leads 
to their intermolecular pairing, generating dsRNA. This occurs naturally 
in the pathway generating natural-antisense siRNA (nat-siRNAs) [27]. 
The second way is based on the transcription of an inverted repeat; such 
a transcript creates a hairpin dsRNA through intermolecular pairing. 
Naturally, miRNAs and some other types of hairpin siRNAs are gener-
ated in this way [4,28]. The third way uses RNA-DEPENDENT RNA 
POLYMERASE (RDR) to convert certain ssRNAs into dsRNAs. This 
mechanism is naturally involved in the production of hc-siRNAs, ta- 
siRNAs and most of the secondary siRNAs [2,29,30]. It is also involved 
in the sense transgene silencing (S-PTGS) and can be connected with the 
phenomenon known as cosuppression [31] that is believed to result from 
high production of aberrant RNAs. These RNAs can saturate the RNA 
degradation pathway leading to their accumulation in the cell, which 
makes them available as a substrate for RDRs [32]. 
Many types of silencer constructs have been designed based on this 
knowledge and have been meticulously compared in an attempt to reach 
the highest level of silencing and the maximum percentage of silenced 
transformants (e.g. [13,33–35]). We hypothesized that the use of con-
structs based on different ways dsRNA forms would lead to the activa-
tion of different RNAi pathways and thus results in a different course of 
silencing, even if lines with similar decrease in expression are selected. 
The understanding of all the effects dsRNA formation has on the 
silencing outcomes is not only important for understanding the RNAi 
itself, but it is also important for the use of appropriate silencing con-
structs in applied research. 
In our study, we chose the three most distinct ways dsRNA forms and 
prepared the following silencer constructs: antisense (AS), unterminated 
(UT; expected to produce aberrant RNAs; [32]) and inverted repeat (IR); 
all of them based on (and targeting) the full-length coding sequence of 
GREEN FLUORESCENT PROTEIN (GFP) gene. We used an inducible 
promoter for these constructs to eliminate spontaneously silenced lines 
and to be able to observe the silencing from the very beginning to the 
steady state and during its termination (recovery of GFP expression). We 
supertransformed each of these constructs to the highly homogeneous 
tobacco BY-2 cell line [36] where they targeted GFP transcripts stably 
expressed from the identical locus in all the variants [37–39]. This 
allowed us to make direct comparisons of the effects of the three silencer 
variants. Although the model system based on cell lines and silencing of 
the GFP transgene was quite artificial, it allowed to control most of the 
variables so the observed differences could be attributed directly to the 
way dsRNA formed. With a similar system, we recently described the 
dynamics of the initial phases of de novo RdDM [39]. In this current 
work, we first compared dynamics of PTGS onset at the fluorescence 
level in populations of hundreds of independently transformed lines 
(calli). Thereafter, the silencing dynamics and recovery at mRNA, sRNA 
and DNA methylation levels and by flow cytometry at the single cell 
fluorescence level were analyzed in detail in selected lines with the 
highest silencing rate. 
2. Results 
2.1. Establishment of lines for inducible silencing and their comparisons at 
the population level 
Three different silencer constructs were prepared to induce GFP 
silencing (Fig. 1). All were based on the full-length coding sequence of 
GFP gene and their transcription was controlled by β-estradiol inducible 
promoter (XVE system; [40]). The constructs were as follows: antisense 
GFP (AS), inverted-repeat GFP (IR) and unterminated GFP (UT) where 
the sense transcripts were expected to be aberrantly terminated and 
recognized by RDR (RNA-dependent RNA polymerase) to produce 
dsRNA. As a control in some experiments, we also used a sense GFP gene 
with a terminator (GF) that can under certain occasions undergo sense 
transgene posttranscriptional silencing (S-PTGS) connected with 
cosuppression of the target GFP. In cases where the GFP sequence was in 
the sense orientation (UT and GF variant), it was without the start codon 
(unless otherwise stated) to prevent potential unwanted translation of 
the GFP from the silencer RNA. Also, no additional start codon was 
present in the sequence that could lead to the production of a truncated 
yet fluorescent protein. 
We transformed these constructs into the BY-2 cell line with stable 
expression of GFP [37]. Surprisingly, about 70% of transformants car-
rying the IR construct showed spontaneous silencing without induction 
with estradiol [38], so only minority of IR lines could be used for further 
experiments. 
From the sets of independently transformed lines carrying the indi-
vidual silencer constructs, we chose those that showed sufficiently ho-
mogeneous and high GFP fluorescence (about one hundred for each 
variant) and planted one half of the callus on control medium (D) and 
the other half on induction medium with estradiol (E) and measured the 
fluorescence of those calli during 14 day period (Table 1; Fig. S1A, B; 
Table S2). From these data, we analyzed the efficiency (percentage of 
lines able to induce silencing), strength (the maximum level of 
decreased expression) and speed of silencing. The IR was fastest in 
silencing induction and was able to induce the strongest silencing in a 
larger number of lines than any other variant. The ability of AS to induce 
silencing was somewhat lower and the UT was the least effective. Sur-
prisingly, the UT silencing did not significantly differ from the cosup-
pression caused by the GF variant, which was used as a control to see the 
effect of the presence/absence of terminator on the silencing efficiency 
(Table 1). Both UT and GF variants contained only very few effectively 
silenced lines. Although the construct without terminator should pro-
duce aberrant RNAs, it was not always the case. Surprisingly, about 50% 
of lines, where an UT silencer construct with the start codon was 
transformed into the wild type BY-2 cells, were able to produce some 
GFP fluorescence (Fig. S1C). This indicates that in these lines the RNA 
was at least partially polyadenylated possibly due to T-DNA insertion in 
front of an endogenous terminator or due to a specific T-DNA arrange-
ment. Otherwise, the mRNA could not be exported from the nucleus and 
translated [41]. 
Percentage of lines with inducible silencer constructs or with the 
control sense GFP (GF) that were able to induce strong silencing of GFP 
expression (reduction of GFP fluorescence below 50% of mock-induced 
control) at different time points after the transfer to β–estradiol con-
taining medium (lower number of available IR calli was caused by the 
high frequency of spontaneous silencing). Statistics for this data are in 
Table S2 and biological replicates are shown in Fig. S1A. 
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2.2. Detailed analyses of the time course of silencing 
For further experiments, we selected three lines of each variant 
(named IR1-3, AS1-3 and UT1-3) with highly homogeneous GFP fluo-
rescence (determined by flow cytometry at the single cell level) and with 
the highest silencing rate, as such lines are preferentially used in reverse 
genetics. Comparing lines with the potential to fully induce silencing 
also allowed us to look for specific differences between the silencer 
variants that were not directly dependent on the differences in silencing 
strength between the variants. 
The estradiol inducible system enables to adjust the strength of 
silencer transcription by changing the concentration of estradiol in the 
Fig. 1. Scheme of the silencer and target T-DNAs. 
Functional elements and positions of primers used for reverse transcription, qPCR and McrBC assay are shown at the appropriate sequences (primers itself are listed in 
Table S1). Target T-DNA of pCP60-GFP (https://www.addgene.org/122173) confers constitutive GFP expression. pER8: a set of T-DNAs used for the inducible 
expression: pER8-AS: GFP gene in antisense orientation; pER8-UT: sense GFP gene without terminator; pER8-IR: sequence of GFP arranged as an inverted repeat; 
pER8-GF: sense GFP with terminator as a control. In the UT and GF constructs, the GFP sequence was without start codon, unless stated otherwise. RB: right border, 
LB: left border, PNOS: nopaline synthase promoter, P35S: 35S promoter, PG10–90: synthetic constitutive promoter; PIND: inducible promoter activated by β-estradiol; 
TNOS: nopaline synthase terminator; TE9: rbcS E9 terminator; T3A: rbcs S 3A terminator; XVE: estrogen receptor and transcriptional activator; NPTII: kanamycin 
resistance gene; HPT: hygromycin resistance gene; GFP: green fluorescent protein coding sequence; intron: intron from Solanum tuberosum PsbO gene; LacZ: fragment 
of bacterial β–galactosidase gene. All T-DNAs are at the same scale as indicated with 1 kbp scale bar. 
Functional elements and positions of primers used for reverse transcription, qPCR and McrBC assay are shown at the appropriate sequences (primers itself are listed in 
Table S1). Target T-DNA of pCP60-GFP (https://www.addgene.org/122173) confers constitutive GFP expression. pER8: a set of T-DNAs used for the inducible 
expression: pER8-AS: GFP gene in antisense orientation; pER8-UT: sense GFP gene without terminator; pER8-IR: sequence of GFP arranged as an inverted repeat; 
pER8-GF: sense GFP with terminator as a control. In the UT and GF constructs, the GFP sequence was without start codon, unless stated otherwise. RB: right border, 
LB: left border, PNOS: nopaline synthase promoter, P35S: 35S promoter, PG10–90: synthetic constitutive promoter; PIND: inducible promoter activated by β-estradiol; 
TNOS: nopaline synthase terminator; TE9: rbcS E9 terminator; T3A: rbcs S 3A terminator; XVE: estrogen receptor and transcriptional activator; NPTII: kanamycin 
resistance gene; HPT: hygromycin resistance gene; GFP: green fluorescent protein coding sequence; intron: intron from Solanum tuberosum PsbO gene; LacZ: fragment 
of bacterial β–galactosidase gene. All T-DNAs are at the same scale as indicated with 1 kbp scale bar. 
Table 1 
Efficiency of GFP silencing in BY-2 calli.  
Variant % of silenced lines # of analyzed lines 
0 days 3 days 10 days 
AS  0.0  0.9  11.6  112 
UT  0.0  2.0  9.0  100 
GF  1.0  1.0  9.1  99 
IR  1.6  30.6  45.2  62  
Fig. 2. Effects of estradiol concentration on the induction of silencing. 
The ratio of relative GFP fluorescence between calli cultured on medium with indicated estradiol concentrations and without estradiol (E/D) for 5 and 14 days. Data 
were normalized for day 0 to be 100%. For each silencer (AS, UT, IR) three lines were tested and for each line three calli were measured. The error bars represent 
standard deviation. The asterisk indicate statistically significant difference (p < 0.05) from 0 nM estradiol treatment of the same silencer variant; the letters “a”, “i” 
and “u” indicate statistically significant difference (p < 0.05) from the AS, IR and UT variant treated with the same estradiol concentration. 
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medium. We first tested the GFP silencing in calli of the selected lines on 
2 μM concentration (commonly used in the XVE system) and a series of 
dilutions (Fig. 2). The IR showed the fastest and strongest response, even 
on 16 nM concentration of estradiol. For the IR variant, the effect of the 
estradiol concentration was most prominent at the final state of 
silencing, rather than at the speed of silencing. Interestingly, the UT 
silencer was also able to induce silencing even on 16 nM estradiol when 
given enough time, and the differences in the strength of silencing were 
the least dependent on the estradiol concentration in this variant. In 
contrast, the AS variant showed a strong dependence on the estradiol 
concentration, with 16 nM concentration being too low to induce any 
significant silencing (Fig. 2). 
The previous experiments suggested that the standard estradiol 
concentration (2 μM) was saturating for most lines, so it was used in the 
subsequent experiments. The three selected lines for each variant were 
transferred to suspension cultures and exposed for 14 days to estradiol 
and then the estradiol was washed out and the cells were kept for 
additional 21 days on the standard medium. Control cells for each line 
were handled in the same way, but without exposure to estradiol. 
Based on the fluorescence measurements using a flow cytometer 
(Figs. 3A; S2A, D) silencing in the IR lines was already obvious on the 
first day and by the 14th day, the fluorescence decreased to 1–11% of the 
original fluorescence level, reacting almost completely homogeneously. 
After removal of estradiol, the fluorescence mostly returned to the 
original level. The AS lines showed the first signs of a reaction later, on 
the second day, and by the 14th day decreased to 6–20% of the original 
level. This reaction was mostly homogeneous and fluorescence returned 
almost to the original levels after removal of the inducer. The reaction of 
UT lines was more heterogeneous compared to other variants with the 
UT1 line resembling IR lines (Fig. S2A). On the 14th day, the fluores-
cence decreased to 6–30% of the original level. After removal of the 
inducer, many cells of UT3 and UT2 line were able to maintain the GFP 
silencing (Fig. S2D). 
Changes in RNA transcript levels were faster than changes in fluo-
rescence (Figs. 3B; S2B), probably due to the long lifetime of the GFP 
protein [39]. At the transcript level, all IR lines reacted within the first 
6 h after the exposure to estradiol (p < 0.05, paired t-test), reaching 
20–74% of the original transcript level (Fig. S2B). The silencing reached 
its maximum as early as in 1–2 days (2–11%). Only one AS line and one 
UT reacted so rapidly within 6 h. The responses of the other lines were 
delayed; the first decreases were detected after one day. Silencing in AS 
and UT lines progressively grew during the whole treatment and reached 
12–36% and 17–34% after 14 days for the AS and UT lines, respectively. 
Surprisingly, transcript levels of the silencer were highest between 6 
and 24 h for AS and UT but peaked between 24 and 48 h for IR (Figs. 3C; 
S2C). Moreover, the IR silencer transcript levels were about 10-fold 
lower than those for AS and UT (with the exception of the UT1 line). 
Fig. 3. Dynamics of GFP silencing and recovery in 
suspension cultures. 
Three best responding lines for each silencer variant 
were treated with β–estradiol for 14 days, then 
β–estradiol was washed out and the cells were 
monitored for an additional 21 days. 
(A) Time course of GFP fluorescence as measured by 
flow cytometer. The relative fluorescence is shown as 
the ratio of fluorescence between induced and mock- 
induced cells (E/D). Data were normalized for time 
0 to be 100%. Data for AS2 on the 35th day are not 
available. 
(B) Time course of GFP transcript levels as measured 
by RT-qPCR. The relative GFP transcript levels were 
normalized to the internal standard EF1α and related 
to time 0 that was set to 100%. 
(C) Time course of silencer transcript levels as 
measured by RT-qPCR. The relative silencer tran-
script levels were normalized to EF1α. 
Error bars in all plots represent standard deviation. 
Data for each line individually are shown in Fig. S2. 
Error bars in all plots represent standard deviation. 
Data for each line individually are shown in Fig. S2.   
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2.3. IR silencing under weak induction 
The IR variant showed stronger response than the other variants, so 
we analyzed its course of silencing in more detail on estradiol concen-
trations near the expected threshold for silencing induction: 0, 4, 16 and 
64 nM. Flow cytometry data of the average fluorescence and RNA 
expression data showed that two IR lines were sensitive enough to 
induce silencing, even on 4 nM estradiol, whereas the IR3 line began to 
react on 16 nM estradiol (Fig. S3A, B). This indicates that these con-
centrations were really at the lowest edge for silencing induction. At 
these concentrations, the silencing in individual cells (seen on flow 
cytometry data in Figs. 4, S3C) was not homogeneous (continuous in the 
strength of response), but was present in two distinct states – active and 
silenced. 
2.4. Molecular characterization of the best responding UT lines 
The behavior of the UT1 line compared to the UT2 and UT3 was 
abnormal and resembled silencing induced by IR (stronger and faster 
onset, almost complete reversion of silencing after removal of estradiol, 
and very low silencer transcript levels). It led us to examine the 
arrangement and copy number of T-DNAs in the three UT lines, because 
UT T-DNAs, when inserted as tail-to-tail inverted repeats (LB to LB), 
might produce a hairpin RNA. The number and size of hybridizing re-
striction fragments on Southern blot (a higher number of fragments 
detected by GFP probe after KpnI digestion; Fig. S4) indeed suggest the 
presence of such an inverted repeat in the UT1 line, though we were 
unable to confirm its presence by PCR (data not shown). But it is known 
that PCR over inverted repeats is problematic [42]. Southern blot 
analysis did not indicate the presence of inverted repeats in UT2 and 
UT3 lines, but it suggested the presence of direct-tandem repeat in the 
UT3 line and indeed we were able to confirm it by PCR (Fig. S4E) and 
sequence the T-DNA junction (Fig. S4F). 
The larger number of detected T-DNA insertions raised a question of 
the possibility of read-through transcripts at the T-DNAs, either from 
other T-DNAs in case where they would be in the repeat arrangement or 
from genomic DNA, resembling results from our previous study [38]. 
Indeed, we were able to detect low levels of both sense and antisense 
RNAs over different regions of the silencer in all three UT lines (Fig. S4G, 
H). Some of these RNAs were present already before induction, while 
others appeared in the response to estradiol induction. This behavior 
could be explained by the T-DNA arrangement as a result of readthrough 
transcripts from neighboring T-DNAs (in UT1 and UT3 lines) or by the 
activity of RDRs, as antisense RNA levels from genic regions behaved 
differently compared to intergenic regions. From highly expressed genic 
regions targeted by sRNAs, RDRs were shown to synthesize detectable 
amounts of complementary RNAs [30]. 
2.4.1. Analyses of small RNAs 
The key determinant of PTGS is sRNAs, so we sequenced their pop-
ulations in lines with a typical course of silencing for IR and AS variants 
(IR1 and AS3). Due to heterogeneity in UT lines, we could not select a 
really typical line, so we decided to analyze the line UT3, which was 
interesting in that it remained strongly silenced even after estradiol 
removal. Samples for this analysis were collected during the experiment 
analyzing the time course of silencing at the three key time points in the 
experiment (0, 14 and 35 days; see Fig. 3). Sequenced sRNAs were 
mapped on the target and the silencer T-DNAs. Some low levels of sRNAs 
aligning to the target sequence were detected even before induction 
(especially in the case of IR; Fig. 5A) which might have originated from a 
weak spontaneous transcription of the silencer [38], although it seemed 
that they had no effect on silencing. Estradiol induction led to the 
accumulation of target-specific sRNAs in all variants in quantities 
reaching 10 to 100 times the original level. The target T-DNA-specific 
sRNAs accounted for 0.5 to 1.9% of all sRNAs sequenced from the cells 
(Figs. 5A; S5A, B; Table S3A). After removal of estradiol, the high levels 
of sRNAs detected in IR declined, even beyond the initial levels. In 
contrast, target-specific sRNAs did not decrease in the UT3 line, but even 
increased further (Fig. 5A), which could explain the maintenance of 
silencing observed in UT lines after estradiol removal (Figs. 3A, B; S2A, 
B; data for AS at day 35 are not available). 
2.4.1.1. Target T-DNA-specific sRNAs. At the target T-DNA, almost all 
sRNAs matched with the GFP transcription unit (more than 91.4%; 
Fig. S5A). In the case of IR, the sRNAs almost exclusively matched with 
only the GFP coding sequence, whereas in the case of AS and UT, there 
was strong 3′ transitivity to the terminator 3′UTR region (Fig. 5A, B). No 
obvious 5′ transitivity at the target T-DNA was seen in any of the samples 
(Fig. S5C). 
The silencer variants also differed in the representation of sRNAs of 
different lengths, more specifically, in the ratios of 21/22 nt sRNAs 
(Figs. 5C; S5E). The AS and UT had a dominant fraction of 21 nt sRNAs 
(49 and 40% respectively), while 22 nt sRNAs dominated in the IR 
(49%). The levels of 24 nt sRNAs were similar among the variants 
(around 20%) and the other sRNA sizes made up only a small fraction 
(less than 8% altogether). 
The ratio of sRNAs aligning to the forward and reverse strand of the 
target GFP gene was around 50% for IR and UT variants, but the AS 
variant deviated, with levels of the reverse strand sRNAs twice as high 
compared to forward strand sRNAs (Fig. 5D; 5: Fig. S5E). The variants 
did not show any larger differences in the representation of the 5′
nucleotide of the target specific sRNAs (Fig. S5F). 
sRNAs mapping to the target GFP transcription unit were not 
distributed equally (Figs. 5B, E; S5G), but they formed distinct peaks on 
either the reverse or forward strand. These peaks had highly similar 
positions between different sRNA size classes. Positions of peaks in the 
same region were also similar between different variants, but the vari-
ants differed in the heights of individual peaks and their representation 
along the sequence. In the IR variant, most of the sRNAs came from the 
5′ part of the GFP gene; in the AS, the distribution of peaks was more or 
less homogeneous along the whole transcription unit (including 3′UTR); 
and in the UT, most of the sRNAs came from the 3′ end – actually 41% of 
sRNAs in UT at the GFP transcription unit come from the 3′UTR, which 
was not primarily targeted by the silencer. In the AS line, high pro-
duction of secondary sRNAs can also be inferred thanks to a point mu-
tation in the silencer GFP sequence introduced during cloning (A to T at 
404. nucleotide from the start of GFP cds, see Fig. S5H for the resulting 
AS silencer sequence). This single point mutation was expected to have 
no influence on the silencing, but it could be used to partially distinguish 
between primary and secondary sRNAs; sRNAs where the antisense 
strand lacks the mutation or where the sense strand has the mutation 
cannot be primary sRNAs. Considering this criterion, at least 60% of 
sRNAs overlapping this nucleotide position had to be secondary 
(Table S3B). 
2.4.1.2. sRNAs specific to the silencer T-DNAs. In the case of the si-
lencers, there were more regions outside the primary sRNA source 
sequence that showed accumulation of sRNAs after the estradiol in-
duction (Fig. S5B). As with the target GFP, the AS and UT silencers 
showed 3′ transitivity (although weaker), but no obvious 5′ transitivity 
(Fig. S5C). Interestingly in the UT silencer, which has no terminator, the 
levels of sRNAs sharply decreased at the end of the GFP sequence and 
showed smaller accumulation of sRNAs at the region downstream of the 
GFP coding sequence than in the terminated AS silencer (Fig. S5B, C). 
Beside sRNAs matching the silencer transcripts, there were also 
sRNAs from the HPT (hygromycin phosphotransferase) transcripts in the 
AS and UT variants (Fig. S5B, C, D). The HPT gene shares 3′UTR with the 
target GFP gene. So the 3′ transitive sRNAs from the target T-DNA could 
also target the HPT gene and cause 5′ transitivity into the HPT coding 
sequence (this was the only clear case of 5′ transitivity in our experi-
mental system). This was also supported by the decrease in HPT mRNA 
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levels in AS and UT lines after the induction of silencing (Fig. S5I). The 
NPTII (kanamycin phosphotransferase) gene in the target T-DNA also 
shares the same 3′UTR as the target GFP gene and the HPT gene, 
nevertheless, there were no secondary sRNAs spreading into the NPTII 
gene (Fig. S5A, C). However, like with the HPT gene, mRNA levels of the 
NPTII gene also decreased when the lines were exposed to estradiol 
(Fig. S5I). In the UT3 line, there were also high levels of sRNAs matching 
to the 3′ part of the XVE gene encoding the estradiol receptor (Fig. S5B). 
Most of these sRNAs appeared only after induction and they behaved the 
same as the GFP sRNAs. These sRNAs were probably related to the 
presence of the direct tandem repeat in this line, as described above 
(Fig. S4). 
In the IR variant, the amounts of sRNAs that matched regions outside 
the GFP sRNA source sequence were extremely low (Fig. S5C). One of 
the regions with low levels of sRNAs was the linker between the inverted 
GFP sequences. When analyzing the sRNA data, we uncovered that the 
line IR1 has a rearrangement in the linker between GFP sequences, 
which is much larger than it should be (Fig. S5J). Sequencing of the 
linker showed that the sequence between the exact end of the first GFP in 
the repeat to the donor splice site was replaced with 839 bp from the 
central part of the XVE gene and 1514 bp from the backbone of pER8 
plasmid, starting with the end of the left border region (Fig. S5J). 
Though unintended, the fact that the linker contained part of the 
sequence that was not transcribed from any other locus and part of a 
sequence that was transcribed within the XVE transcription unit, gave us 
an opportunity to analyze the sRNAs from this region in more detail 
(Fig. S5K, L). The sRNAs from the region homologous to the XVE reached 
higher levels (3-fold) than those in the surrounding regions. They also 
differed in the representation of sRNAs of different lengths (32% of 22 nt 
from region matching XVE, compared to 45% of those from the sur-
roundings; Fig. S5L). Even though the levels of sRNAs from the linker 
reached only low levels, they were able to induce weak 3′ transitivity on 
the XVE transcript (Fig. S5C). 
2.4.2. DNA methylation accompanying the PTGS 
Presence of sRNAs is known to induce DNA methylation. To see 
whether our silencers differed in this aspect we performed bisulfite 
sequencing of two regions encompassing approximately 600 bp from the 
35S promoter and 600 bp from the GFP coding sequence (Figs. 6A, B; 
S6A, B) at three key time points in the experiment (0, 14 and 35 days). 
There was no DNA methylation during the whole experiment in the AS 
variant. In contrast, the IR was able to induce high levels of DNA 
methylation in all sequence contexts along the whole analyzed target 
GFP. Specifically, the methylation in the CHG context reached 96% and 
when looking at the CWG context alone the methylation was 100% 
(there were 14 CWG cytosines in that region). There was also a weak 
spill-over of methylated cytosines outside of the target GFP at the 5′ end, 
that reached about 40 nt upstream (we have no data from the 3′ end of 
the target GFP). After removal of estradiol, the methylation in the CG 
context remained at the same level, but the methylation in CHG and 
CHH context almost fully disappeared (Figs. 6A; S6B). 
In the UT3 line we chose for detailed analyses, DNA was methylated 
in the CG context already at time 0, which may reflect some transient 
silencing that might have occurred in this particular line before the 
experiment began. After induction, there was a weak increase in CHG 
and CHH methylation at the 3′ end of the GFP sequence, but a decrease 
in CG methylation in the middle of the target GFP (the changes in both 
CG and CHH were statistically significant, p < 0.05). 
Though our previous study showed that preexisting CG methylation 
did not influence de novo methylation [39], we included one additional 
line (UT2) to our analysis. This line was free of the initial CG methyl-
ation, and the estradiol induced methylation in all three sequence con-
texts. This methylation was limited to the 3′ end and remained almost 
unchanged even after estradiol removal (Fig. S6C). 
To verify the results of the bisulfite sequencing in all three lines of 
each variant, we used McrBC assay that is based on qPCR quantification 
of DNA digested with an enzyme that specifically cuts methylated DNA. 
The results showed that methylation in all the AS lines was very weak or 
missing. In contrast, all three IR lines showed strong induction of 
methylation that remained high even after estradiol removal, likely in 
the form of CG methylation (Fig. 6C). The UT lines differed among 
themselves. As expected, the UT3 line with preexisting CG methylation 
showed consistently high methylation, while the UT2 line showed 
estradiol-induced methylation and the UT1 line behaved somehow in 
between. 
We also used the McrBC assay to analyze the methylation at the 
Fig. 4. Effects of estradiol concentration on the induction of silencing after 3 days. 
Histograms of cell GFP fluorescence levels (flow cytometer data normalized to mode) showing binary silencing at different estradiol concentrations in three different 
IR lines. The second line of graphs shows data for fully induced lines (2 μM estradiol) from the experiment documented in Fig. 3. 
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silencer locus. For the UT and IR variants, the behavior was highly 
similar to the situation at the target locus, but the methylation differed 
in the case of the AS variant (Fig. 6D). Unlike the target region, the AS 
expression was able to induce some DNA methylation at the silencer 
locus. To verify this result, we did bisulfite sequencing of the AS silencer 
on the 14th day after induction from the same sample that we used for 
the target GFP analysis (Fig. 6E). Indeed, we did detect mid-levels of 
DNA methylation, especially in the CHG context, but also weak 
methylation in the CHH and CG context along the whole antisense GFP 
sequence. Using the McrBC assay we could also see that detectable 
changes in methylation in the IR1 line appeared after two days at the 
target GFP, but as early as after one day at the silencer locus (Fig. S6D). 
Moreover, it turned out that the weakly induced IR was not able to 
induce DNA methylation at the target locus, although it was still able to 
induce weak methylation at the silencer locus (Fig. 6F). 
3. Discussion 
In this study, we closely analyzed the effects of different silencers 
(sources of sRNAs) on PTGS, its strength, efficiency, timing, dynamics, 
reversibility, and accompanying processes like DNA methylation, sec-
ondary sRNA production and transitivity. All silencers were based on 
identical sequence, full-length GFP, and the silencing target was 
constitutively and stably expressed 35S::GFP in the identical locus, 
allowing direct comparisons of the silencing features. Our results 
showed consistent behavior in all selected IR and AS lines indicating that 
their character was indeed connected with different sRNA sources. In 
case of UT silencer, the best responding lines were more heterogeneous 
possibly due to involvement of other RNAi pathways that might be 
related to complex T-DNA insertions in these lines. 
3.1. Silencing strength, efficiency and dynamics differed among silencers 
Our data confirmed previous observations that IR is the most effec-
tive inducer of silencing (Table 1; Fig. S1) most likely thanks to the 
highest efficacy of dsRNA formation leading to very high levels of 
sRNAs. IR silencer caused the strongest reduction of target gene 
expression (as low as 2% of the original transcript level; Fig. S2A, B; 
[13,33–35]). The efficiency that we observed for IR was lower than 
usually obtained, which likely resulted from the fact that about 70% of 
IR lines had silenced GFP expression spontaneously (before induction 
with estradiol) due to read-through transcription from the adjacent 
genomic region into the T-DNAs [38]. These lines, which were not 
included in our analysis, would have been probably classified as suc-
cessfully silenced when assessing the efficiency with a constitutively 
expressed silencer. Silencing induced by UT [32,43,44] was less 
frequent in our experimental system and did not significantly differ from 
classical cosuppression (induced by terminated sense GFP transcripts; 
Fig. 5. Characterization of sRNAs matching with the target T-DNA. 
Small RNA levels were assessed in suspension cultures treated with β–estradiol for 14 days and recovered for an additional 21 days (see Fig. 3 for the time course of 
silencing). 
(A) Average coverage of the target GFP and its 3′ untranslated region (3′UTR) with sRNAs. 
(B) Distribution of sRNAs of all size categories along the target GFP and its 3′ untranslated region at day 14 (more detailed analyses are presented in Fig. S5G). 
(B) Distribution of sRNAs of all size categories along the target GFP and its 3′ untranslated region at day 14 (more detailed analyses are presented in Fig. S5G). 
(C) Length distribution of sRNAs matching to the target T-DNA at day 14. 
(D) Strand distribution of sRNAs matching to the target T-DNA at day 14 (Fw = forward, Rv = reverse). 
(E) Distribution of sRNAs of all size categories along the target GFP and its 3′ untranslated region at day 14 based on their strand orientation (Fw are above X axis, Rv 
are below X axis). Each line is on a different scale for easier comparison of the position of individual peaks (more detailed analyses are presented in Fig. S5E). 
(E) Distribution of sRNAs of all size categories along the target GFP and its 3′ untranslated region at day 14 based on their strand orientation (Fw are above X axis, Rv 
are below X axis). Each line is on a different scale for easier comparison of the position of individual peaks (more detailed analyses are presented in Fig. S5E). 
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Table 1; Fig. S1) challenging the impact of the missing terminator for 
silencing induction. 
With data from the inducible system, we could extend the compar-
isons beyond just silencing strength and efficiency. The silencing with IR 
was faster when compared to UT and AS (with the first reaction within 
6 h; Figs. 3; S2) similar to the 3 to 24 h that was previously observed 
using inducible silencing with IR in Arabidopsis and tobacco [45–47]. 
When testing the impact of the strength of silencing induction, we 
found that at the cell level the silencing was not continuous in the IR 
lines, but the cells were either silenced or not (Fig. 4). This might hint to 
some mechanisms that perhaps serve to prevent sporadically produced 
sRNAs from inducing unwanted silencing. Only when sRNA level rea-
ches a certain threshold then they will have the potential to induce 
silencing [48]. 
In the UT lines, one would expect that silencing is strongly dependent 
on the intensity of induction with some threshold level because UT 
silencing is believed to be dependent on production of aberrant unter-
minated transcripts. Such transcripts could enter the RNAi pathway only 
after they saturate the RNA degradation pathways [32], so the UT 
construct should perform much worse or completely fail at low induc-
tion levels. Surprisingly, it performed much better than AS and, given 
enough time, it almost matched the IR (Fig. 2). This low dependence of 
UT silencing on the inducer level and the same performance of UT and 
GF lines in the population callus screen suggest that the mechanism of 
silencing in the UT lines might be different from that we expected. 
Recently, Parent et al., 2015 [49] documented that S-PTGS in Arabi-
dopsis L1 line (line with spontaneous silencing of GUS transgene) was 
connected with the formation of aberrant read-through antisense RNAs 
from the oppositely oriented NPTII transgene. Though it might be 
considered as a specific situation, a similar mechanism seems to be 
important in the regulation of a large number of Arabidopsis genes [49]. 
Other studies also linked cosuppression to the read-through transcrip-
tion [50] and some of the important works on S-PTGS were done on 
plants with convergently oriented transgenes including the work of Luo 
and Chen [32]. Our results show that in lines carrying the UT construct, 
aberrant untranslatable RNAs arose more frequently (by at least 30%) 
compared to the control terminated GF lines (Fig. S1C), but the fre-
quency of silencing did not differ between the UT and GF variants (9% in 
both). It suggests that aberrant unterminated RNAs in our UT lines were 
probably not sufficient for the induction of efficient silencing. More 
likely, the transcripts generated from the inducible promoter required 
other features for silencing induction, perhaps similar to the situation 
described in the Arabidopsis L1 line, where silencing was connected with 
the antisense read-through transcription ([49]; Fig. S4G). This read- 
through transcription might result from the complex arrangement of 
T-DNA insertions or from the genomic context as discussed previously 
[38,49]. As such, it might be much more difficult or even impossible to 
induce such silencing without more complex T-DNA structure. 
3.2. Silencing with UT could not be fully recovered 
IR silencing in our experiments showed practically full transcrip-
tional reactivation after the removal of the inducer consistently with 
previous studies [45–47]. The same was observed for the AS variant, but 
in the UT2 and UT3 lines GFP expression could not be fully recovered 
after estradiol removal (Figs. 3; S2). The silencing maintenance was 
unlikely caused by promoter leakiness because in all analyzed lines the 
silencer transcript levels at day 35 were lower than the background 
levels detected at day 0 (Fig. S2C). We also did not observe any DNA 
methylation spreading into the 35S promoter (Fig. 6B), so it was unlikely 
that the persisting silencing was caused by TGS. PTGS maintenance 
without the inducer was already observed after viral infection [51] or 
transient agrobacterium transformation [52]. Also, classical S-PTGS that 
has features in common with UT silencing can be maintained when 
spontaneously initiated [53]. However, specific features of this silencing 
were, to our knowledge, never described in detail. Here we show that the 
maintenance of silencing in the UT3 line was accompanied by the 
continual presence of sRNAs that even slightly increased in abundance 
after the inducer removal (Fig. 5A). Stable sRNA levels after inducer 
removal can also be inferred for the UT2 line from persisting CHH 
methylation. Interestingly, there were no evident differences between 
the profile and composition of sRNA for the UT and AS lines that could 
easily explain this difference in their behavior (Figs. 5B, E; S5B, C, E). 
The 3′UTR sRNAs for the AS and UT lines were virtually identical and 
their ability to induce production of transitive sRNAs from the HPT gene 
was the same. There were some differences between the sRNAs match-
ing to the GFP region, however, the UT sRNAs in this region seemed to 
be mostly a subgroup of sRNAs present in the AS line. As such, the reason 
for the maintenance of the UT silencing likely lies somewhere else, like 
in the source or in the site of sRNA production. Nevertheless, the 
inducible UT construct could provide a tool for studying the mechanisms 
involved in the maintenance of PTGS. 
3.3. UT and AS silencing was accompanied with strong sRNA transitivity 
Sequencing of sRNAs identified large amounts of secondary sRNAs in 
the AS and UT line. In the UT line, the transitive sRNAs against 3′UTR 
made up 41% of the sRNAs targeting the GFP transcript (Fig. 5A, B). 
Moreover, after the removal of the inducer, there was no decrease in 
their amount and no change in their profile (Figs. 5A; S5E), suggesting 
that the primary sRNAs made up only a very small fraction of the sRNAs 
targeting the GFP transcript. Similar amounts of transitive sRNAs were 
also present in the AS line (Fig. 5A, B). Also based on a single point 
mutation in the AS silencer, secondary sRNAs made up at least 60% of 
sRNAs overlapping that position (Table S3B). In both the AS and UT line, 
the 3′UTR secondary sRNAs were also able to induce production of 
secondary 5′ transitive sRNAs in trans from the HPT gene, but inter-
estingly not from the NPTII gene with an identical terminator (Fig. S5C). 
This could have resulted from different sequences present upstream of 
the TNOS part of the 3′UTR sequence, or it could have resulted from 
different distances between the sRNA recognition site and the end of the 
coding sequence between both genes (29 nt for HPT and 387 nt for 
NPTII; Fig. 1). It has been previously shown that translation and pro-
duction of secondary sRNAs are closely connected [54,55]. The HPT 
gene is also the only clear example of 5′ transitivity in our system. This 
might be because in our system sRNAs mostly targeted coding se-
quences, where the 5′ degradation products could be efficiently 
degraded by the nonstop decay (NSD) pathway [56], whereas in the case 
Fig. 6. DNA methylation of the GFP target and silencer during PTGS. 
DNA methylation levels were assessed in suspension cultures treated with β–estradiol for 14 days and recovered for an additional 21 days (see Fig. 3 for the time 
course of silencing). 
(A) Boxplots showing average DNA methylation levels in CG, CHG and CHH contexts in the analyzed region of the target GFP gene. Analysis was done by bisulfite 
modification in one line representing each silencer variant (lines AS3, UT3 and IR1), 8 to 12 DNA clones were sequenced for each data point. 
(B) Distribution of methylated cytosines in the three sequence contexts along the target region and in the 5′ adjacent region after 14-day β–estradiol treatment. 
(C) Methylation level at the target GFP gene and (D) at the GFP region of the silencer T-DNA assessed by McrBC assay (primers for qPCR are listed in Table S1). 
(C) Methylation level at the target GFP gene and (D) at the GFP region of the silencer T-DNA assessed by McrBC assay (primers for qPCR are listed in Table S1). 
(E) Boxplots showing levels of DNA methylation in CG, CHG and CHH contexts for the silencer GFP region in AS3 line at 14th day of induction, and distribution of 
methylated cytosines along the silencer GFP region (including 3′ and 5′ adjacent regions) for the same data (data from 11 sequenced DNA clones). 
(F) Target GFP and silencer methylation over time as assessed by McrBC assay for lines IR1 and IR2 at 16 nM concentration of estradiol. 
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of HPT gene, sRNAs targeted the untranslated region. 
3.4. IR silencing was not accompanied with transitivity despite high level 
of 22 nt sRNAs 
While in the AS and UT lines there was strong 3′ transitivity on the 
GFP transcript and the majority of sRNAs seemed to be secondary 
(Fig. 5A, B), in the IR line, there was no evidence of the production of 
significant amounts of transitive sRNAs. Only rare sRNAs from the linker 
between the arms of the inverted repeat were able to induce low levels of 
transitive sRNAs on the XVE transcript (Fig. S5K). Missing 3′ transitivity 
is in contradiction with what has been shown previously, that inverted 
repeats were able to induce strong 3′ transitivity, especially when tar-
geting transgenes [57–60]. Also, unlike the situation in our system, most 
inverted repeat sRNAs are dominated by 21 nt fraction of sRNAs, 
because DCL4 is the lead dicer in processing long dsRNA [3,60–62]. This 
is a characteristic also common in most endogenous IRs in Arabidopsis, 
except for IR71, which is dominated by 22 nt sRNA [63]. Dalakouras 
et al. observed silencing of GFP induced by an inverted repeat, where the 
majority of sRNAs were 22 nt long and there were only low levels of 
transitive sRNA [64], resembling our case (Fig. 5B, C). They speculated 
that this was caused by the high expression of DCL2 in N. benthamiana. 
The same might also apply to the Nicotiana BY-2 cells, but not generally, 
because when we expressed CaMV 35S promoter hairpin in BY-2 cells, 
the sRNA size classes were similar to other IRs, with the dominant 
fraction being 21 nt long [39]. 
3.5. AS silencing showed strong sRNA strand asymmetry 
Data from sRNA sequencing showed an extremely shifted ratio of 
forward and reverse strand sRNAs in the AS line (Fig. 5D). The prefer-
ence for the sRNAs to originate from the forward or the reverse strand is 
locally affected by the sequence composition, as can be seen from the 
distribution of peaks of sRNA coverage along the sequence (Fig. 5E). On 
a larger scale, the strand ratio is almost even for the whole GFP tran-
script in the UT and IR lines. The shift in the ratio favoring antisense 
strands observed in AS line was mostly caused by decreased sRNA pro-
duction from two regions with a strong bias for forward strand sRNAs at 
the 5′ and 3′ end of the GFP coding sequence compared to the IR and UT 
lines, respectively (Figs. 5E; S5G). The stronger production of sRNAs at 
the 5′ end in the IR line was probably caused by the way the hairpin RNA 
is processed. It has been previously shown that more sRNAs are pro-
duced from regions closer to the loop [59], which is the 5′ end of the GFP 
sequence in our case. However, at the 3′ end the AS line seemed to be 
able to produce sRNAs well enough, but the production was lower only 
in one specific location, with the highest bias towards the forward 
strand, affecting all types of sRNAs (Fig. S5G). To be able to explain what 
caused this difference, it would be necessary to know which sRNAs are 
primary and which are secondary. Though the mechanism responsible 
for the strand bias remains unclear, it might be a general feature of 
processing dsRNAs that originate from intermolecular pairing, as it is 
common among nat-siRNAs to have a highly uneven sRNA strand ratio 
[65]. 
3.6. Loci with the same sequence can show different sensitivity to DNA 
methylation 
The AS variant also showed unexpected differences in its ability to 
methylate corresponding DNA sequences. All the AS lines could clearly 
methylate the sequence of the silencer, but they were unable to induce 
significant changes in methylation at the target GFP (Fig. 6C, D). To 
explain this difference between methylation of the target and the 
silencer locus in AS lines, one might look for a connection with the 
strand asymmetry in sRNA production. But it is unlikely the cause since 
weakly induced IR lines behaved in the same way (Fig. 6F). So, we prefer 
an alternative explanation. The GFP from the target locus has been 
stably expressed for several years [37], whereas the expression from the 
silencer locus has been switched on right at the start of the experiment. It 
is reasonable to expect that these loci differ in their epigenetic state. The 
locus with more chromatin activation marks could be more resistant to 
deposition of repressive marks, as was reported in an animal system 
[66]. Alternatively, the stronger ongoing transcription could more 
effectively erase newly deposited repressive chromatin marks [67]. It 
has been also previously observed that transgenes inserted into active 
genes are more resistant to DNA methylation [68] or that endogenous 
plant genes are more resistant to DNA methylation than transgenes [69]. 
Interestingly no such difference was observed in the UT lines, where 
the production/level of sRNAs was even lower than it was for the AS 
line. The overall amount of 24 nt sRNAs, which are primarily responsible 
for DNA methylation, was in the UT3 line six-times lower compared to 
the AS3 line over the region where we analyzed the methylation (the 
relative proportion of 24 nt sRNAs was similar among the variants; 
Fig. 5C). This suggests that there might be some qualitative difference 
between AS and UT sRNAs, which is not obvious from their length or 
sequence. The likely explanation is that in the UT lines, most of the 
sRNAs are produced in the nucleus (at least the primary sRNAs). The 
aberrant transcripts lack a polyA tail, so they are not exported out of the 
nucleus and must be processed there [41]. In the AS lines, on the other 
hand, both sense and antisense transcripts could be exported to the 
cytoplasm, so it is possible that most of the sRNAs were produced in the 
cytoplasm. Such sRNAs would have a harder time accessing the DNA and 
it would be more difficult for them to induce DNA methylation. On the 
other hand, most DCLs seem to be localized in the nucleus [2,70–72] and 
AGO4 loads sRNAs in the cytoplasm [73], so it remains an open question 
as to what effect the localization of dsRNA and sRNA production have on 
their activity. The difference between the ability of AS and UT variants 
to induce DNA methylation was not caused by the preexisting DNA 
methylation in the UT lines (Figs. 6A; S6A). The UT2 line was not 
methylated before induction and yet it was easily methylated after in-
duction (Figs. 6C; S6C). Also, we have previously shown that preexisting 
CG methylation does not enhance methylation by RdDM at all [39]. 
4. Conclusions 
In this work, we compared silencing induced by three different 
variants of silencing inducers which used different ways to form dsRNAs. 
Though we supposed that the mechanisms of silencing by the three si-
lencers were well-established, data obtained in our system indicated that 
in case of the UT silencing, the production of aberrant unterminated 
RNAs was probably not sufficient to induce silencing, but other features 
connected with the T-DNA insertions were also required. These might be 
similar to the S-PTGS that was reported to be induced by read-through 
antisense transcripts [49]. 
The three silencers we tested varied considerably regarding silencing 
dynamics, reversibility, transitivity, and accompanying DNA methyl-
ation. The induction of silencing was fastest and strongest with the IR 
silencer. The AS silencing was most dependent on the induction level. 
The silencing was maintained after inducer removal specifically in some 
UT lines. Small RNAs reached the highest levels in the IR variant and 
lowest in the UT one. Both the AS and UT lines were able to induce 
strong production of transitive sRNAs, unlike the IR. Surprisingly, in the 
AS variant, sRNAs showed strongly deviated sRNA-strand ratio shifted in 
favor of antisense orientation, but the mechanism of it remains unclear. 
Our results on DNA methylation accompanying PTGS suggested that 
there are several factors influencing this phenomenon; i) the strength of 
induction likely connected with the amount of sRNAs, because IR- 
induced methylation was strongly dependent on the inducer level, ii) 
the origin of sRNAs, because sRNAs were present in several times higher 
levels in the AS variant compared to the UT variant, but the GFP gene 
was methylated only in the UT variant, iii) the state of the locus targeted 
by sRNAs, because the silencer GFP was methylated, but the target GFP 
was not methylated in the AS lines and in the low inducted IR lines 
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despite the sequence identity of these loci. We assume that this sensi-
tivity was affected by the epigenetic state of the locus (e.g. presence of 
certain chromatin marks), but further research is needed. 
Even though we targeted the same sequence at the same locus with 
the silencing inducers, all of which were based on the same whole GFP 
coding sequence, the silencing responses were surprisingly variable. 
These differences in behaviors were likely connected with the varying 
mode of dsRNA precursor formation. Thus, our results raise several 
questions about specific aspects of RNAi that still await answers. 
5. Materials and methods 
5.1. Plant material 
Tobacco cell line BY-2 (Nicotiana tabacum L. cv. Bright Yellow 2; 
[36]) was cultivated on modified MS medium with 3% sucrose [74] in 
darkness at 26 ◦C. The calli were grown on solidified medium (0.8 w/v 
agar; 6 cm diameter plates) and subcultured monthly by small pieces 
(3–5 mm diameter). The suspension cell cultures were cultured in 30 ml 
of medium in 100 ml Erlenmeyer flasks on an IKA KS501 orbital shaker 
at 110 rpm (IKA Labortechnik, Staufen, Germany; orbital diameter 
30 mm). 
The suspension cell cultures were kept in the exponential phase for 
all experiments by subcultivation every 3–4 days with 2–3 ml of the cell 
culture (i.e. about 100 mg of fresh cell biomass). 
Transformations of BY-2 suspension cells were carried out as 
described previously [38] using Agrobacterium tumefaciens strain C58C1 
carrying helper plasmid pGV2260 and an appropriate binary vector 
(Fig. 1; for details on construct preparation see [38]). After cocultivation 
with agrobacterium, the cells were plated on solidified medium con-
taining 25 μg/ml hygromycin and 100 μg/ml cefotaxim and cultured for 
3 weeks. Using this procedure, individual transformed cells formed 
isolated macroscopic cell clusters (commonly called calli) that could be 
mostly regarded as genetically homogeneous clones [37]. 
The XVE inducible system [40] was activated by cultivating the calli 
or cell suspension cultures on media with an addition of 2 μM β-estradiol 
(Sigma-Aldrich Cat. No. E2758) unless otherwise specified. The 
β-estradiol was stored as 20 mM solution in DMSO, therefore a corre-
sponding amount of DMSO was added to the cultivation medium of 
controls. To remove the β-estradiol from the cell culture (on day 14 of 
the experiments), 3 ml of the cell culture were washed (diluted and 
filtered) three times with 50 ml of 3% (w/v) sucrose and then resus-
pended in a fresh MS medium (30 ml). 
5.2. Fluorescence analysis 
For population analysis of BY-2 calli, seven calli per plate were 
grown for 14 days. For each line, one callus was cultivated on medium 
with estradiol (induced) and one was cultivated on medium without 
estradiol (mock-induced). Fluorescence was measured every 2–3 days. 
Each plate was separately photodocumented using G:BOX (SynGene, 
Cambridge, UK) with a blue excitation light (LED diodes with maximum 
at λ = 465 nm) and a green emission filter (FILT525/GX; 510–540 nm). 
The images were processed using software NIS-Elements 3.10 (Labora-
tory Imaging, Prague, CZ). The average light intensity was measured for 
all the pixels from each callus. Lines that strongly differed in callus 
fluorescence between the induced and mock-induced variants already at 
time 0, i.e. lines whose fluorescence did not match the formula: |log(| 
ind./mock-ind.|)| < |average(log(ind./mock-ind.))| + 2 × stdev due to 
non-homogeneous character of the source callus, were excluded from 
further analyses. Background fluorescence (measured from WT calli) 
was subtracted from the fluorescence of each callus. After that, the 
fluorescence of each line was normalized to its mock-induced variant: 
(induced/mock-induced) × 100. Statistical analyses were done by Wil-
coxon signed-rank test and Wilcoxon rank-sum test in R 3.4.4. 
Fluorescence from cell suspension cultures was measured by flow 
cytometry. First, protoplasts were prepared by incubating 50–100 mg of 
cells in 1.5 ml of protoplast enzyme solution: 0.5% (w/v) cellulase R-10 
(Duchefa), 0.1% (w/v) pectolyase Y-23 (Duchefa) in 0.45 M mannitol 
(Sigma-Aldrich) for 3 h at 26 ◦C with gentle shaking. Protoplasts were 
centrifuged (200 ×g for 5 min) and the pellet was gently resuspended in 
MS medium with 0.4 sucrose. The samples were then measured on LSR II 
flow cytometer (BD biosciences). On average 14,000 cells were 
measured per sample. The data were processed by Flowing Software 
(http://flowingsoftware.btk.fi/) with filtering live protoplasts as 
described in [75]. 
5.3. Transcript analyses 
RNA was extracted from 100 mg of cells using the phenol-chloroform 
extraction method [76]. The integrity of the RNA for each sample was 
checked by gel electrophoresis. For cDNA preparation, 1 μg of the total 
RNA was treated with DNase I and half of the reaction mixture was then 
used as a template for RevertAid Reverse Transcriptase (Fermentas, 
Thermo Fisher Scientific). The other half was subjected to the same 
treatment without the addition of the reverse transcriptase to check for 
DNA contamination. A mixture of specific primers was used for the 
reverse transcription (see Table S1). The final reaction was diluted to 
60 μl (template). 
The qPCR was done using LightCycler 480 (Roche) and iQ™ SYBR® 
Green Supermix (BioRad, Hercules, CA, USA) in triplicates of 10 μl re-
actions with 1 μl of template. We adhered to the qPCR guidelines 
throughout the experiments [77]. The specificity of the qPCR was 
verified by melting curve analysis (using the LightCycler 480 software) 
and also by checking randomly selected samples using gel electropho-
resis. The resulting data were processed by LinRegPCR 2015.3 [78], 
allowing for the correction of the amplicon amplification efficiency. 
Calculated transcript concentrations were normalized to the NtEF1α 
transcript level, so all the presented values show the relative level of a 
given transcript to the level of NtEF1α. Primers for qPCR are listed in 
Table S1. Some primer sequences were taken from previous studies 
[38,79]. 
5.4. DNA methylation analyses 
5.4.1. Bisulfite conversion 
The bisulfite conversion was done as described previously [80]. In 
brief: DNA was extracted using DNeasy Plant Mini Kit (Qiagen) from 
100 mg of cells and digested with EcoRI. The bisulfite conversion of 
600 ng of purified DNA was performed according to the EpiTect Bisulfite 
Kit (Qiagen). Primers designed to anneal to bisulfite modified DNA 
(Table S1) were used via PCR to amplify the regions of interest. The PCR 
products were cloned into pDrive vector (QIAGEN PCR Cloning Kit) and 
8–12 clones per sample were sequenced. The resulting sequences were 
then processed using spreadsheet formulas in LibreOffice 6.1 and the 
statistical analysis was done using the Wilcoxon rank-sum test in R 3.4.4. 
5.4.2. The McrBC assay 
The level of methylation was further confirmed by qPCR after 
cleavage of genomic DNA with McrBC endonuclease (New England 
Biolabs) specific for methylated DNA (modified from [81]). In brief: 
100 ng of DNA was first fragmented with AseI that does not cut in the 
regions of interest and then the reaction was split in half and supple-
mented with 10 units of McrBC enzyme or an equivalent amount of 50% 
(v/v) glycerol. The DNA was digested for 6 h at 37 ◦C, and then the 
enzyme was inactivated (20 min, 65 ◦C). One nanogram was used for 
qPCR performed as described above with primers listed in Table S1. 
5.5. Small RNA analyses 
Total RNA was extracted from 100 mg (fresh weight) of cells using 
RNeasy Plant Mini Kit (Qiagen), quality assessed and quantified. A 
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fraction of sRNAs ranging in size from 18 to 45 nt were excised and 
recovered from 15% urea-polyacrylamide gels. Extracted sRNAs were 
ligated with 5′ and 3′ RNA adapters with T4 RNA ligase. The adapter- 
ligated small RNAs were subsequently transcribed into cDNA by 
Super-Script II Reverse Transcriptase (Invitrogen) and amplified using 
adaptor-specific primers. The amplified cDNA products were size- 
purified and circularised (ssDNA circles). This sRNA library was 
sequenced using the combinatorial probe-anchor synthesis (cPAS) based 
BGISEQ-500 sequencer (BGI, Shenzhen, China), which was previously 
shown to provide highly reproducible results comparable with other 
NGS platforms [82]. Obtained data were filtered using Geneious 9.1.8 
(Biomatters, Ltd.) for reads perfectly matching all the T-DNAs. When 
filtering reads for the AS variant, a letter W (A or T) was placed at the 
position of the mutation in the sequence (404. nucleotide from the start 
of GFP cds, see Results and Fig. S5H). Data were sorted (based on 
sequence length, strand orientation and identity of 5′ nucleotide) and 
sRNA coverage maps were generated using tools available at usegalaxy. 
eu [83] while allowing HISAT2 [84] to map each read to every matching 
position. The maps of coverage were further processed using LibreOffice 
6.1 and normalized to the overall amount of sRNAs from the given 
sample. For the purpose of data presentation, most graphs use average 
coverage calculated from these maps to allow for comparison of 
sequence elements of different length. Transcription units (transcription 
start sites and polyadenylation sites) were defined according to litera-
ture data for P35S (including PIND that contains the minimal P35S), PNOS 
and TNOS [85,86], and for T3A PASPA software (http://bmi.xmu.edu. 
cn/paspa/index.html) was used to predict the polyadenylation site [87]. 
5.6. Southern blot analysis 
The Southern blot hybridization was done as previously described 
[15] with few modifications. Briefly, the DNA was isolated from 150 mg 
(fresh weight) of BY-2 calli. Twenty micrograms of genomic DNA per 
sample was separately digested by enzymes KpnI, NsiI and AseI (New 
England Biolabs). The digoxigenin-labelled probes were prepared by 
PCR with DIG-dUTP (Roche) according to manufacturer’s instructions. 
Parts of HPT and GFP genes were amplified with primers listed in 
Table S1. Hybridization and immunodetection with a chemiluminescent 
substrate CDP-Star (Tropix) was done according to DIG Application 
Manual (Roche). 
The Southern hybridization results were interpreted as follows: 
tandem T-DNA inserted as a direct repeat should give the same 5.1 kbp 
fragment with all three restriction enzymes and both probes, plus one 
fragment of unknown size; head-to-head inverted repeat should give 
10.0 kbp fragment when digested with KpnI, two fragments of unknown 
size with GFP probe or 7.4 fragment with HPT probe for NsiI and two 
fragments of unknown size when digested with AseI; tail-to-tail inverted 
repeat should give two fragments of unknown size with KpnI, 2.8 kbp 
fragment with GFP probe or two fragments of unknown size with HPT 
probe for NsiI and 6.2 kbp fragment when digested with AseI. 
Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.bbagrm.2020.194647. 
Abbreviations 
AS antisense GFP 
D DMSO/control 
dsRNA double stranded RNA 
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S-PTGS sense-transgene induced posttranscriptional gene silencing 
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TGS transcriptional gene silencing 
UT unterminated GFP 
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[38] V. Čermák, L. Fischer, Pervasive read-through transcription of T-DNAs is frequent 
in tobacco BY-2 cells and can effectively induce silencing, BMC Plant Biol. 18 
(2018) 252, https://doi.org/10.1186/s12870-018-1482-3. 
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